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Gene Therapy in Mouse Models of Spinal Muscular Atrophy: Using SMN Gene 
Replacement to Address Biological Questions 
 
Jacqueline Glascock 
Dr. Christian Lorson, Dissertation Supervisor 
ABSTRACT 
Spinal Muscular Atrophy (SMA), an autosomal recessive neuromuscular disorder, is the 
leading genetic cause of infant mortality. SMA is caused by the functional, homozygous loss of 
the Survival Motor Neuron‐1 (SMN1) gene which encodes for the ubiquitously expressed 
Survival Motor Neuron (SMN) protein.  
Here we utilize SMA mouse models to demonstrate that self‐complementary Adeno‐
associated virus encoding SMN1 (scAAV‐SMN) is a promising therapeutic for the treatment of 
SMA. We show that pre‐symptomatic, ubiquitous restoration of SMN via scAAV is able to 
dramatically improve the SMA phenotype extending lifespan from ~14 to 200+ days. We show 
that direct delivery of scAAV‐SMN into the central nervous system is able to more robustly 
rescue the phenotype of a mouse model of SMA compared to systemic, intravascular delivery. 
After determining the most efficacious route of injection, we seek to determine the therapeutic 
window and investigate the effectiveness of viral delivery after the onset of disease symptoms. 
We report that early, pre‐symptomatic scAAV‐SMN delivery produces a better phenotypic 
rescue than treatment after the onset of symptoms, emphasizing the need for early therapeutic 
intervention.  We assess the need for SMN in a specific cell population, upper cortical motor 
neurons, reporting that restoration of SMN to solely to these cells is not sufficient to modify the 
SMA phenotype. Lastly, we use the scAAV vector to delivery mutant forms of SMN and other 
genes which may be able to modify the SMA phenotype. In this experiment, we identify several 
modifying genes which are able to improve the phenotype of an intermediate mouse model. 
Collectively, these studies help to provide insight into the use of scAAV‐SMN as a therapeutic 
ix 
 
and help to address clinically relevant questions about the temporal and spatial requirements of 
SMN protein during disease progression.   
1	  
	  
CHAPTER	  ONE:	  INTRODUCTION	  
Spinal	  Muscular	  Atrophy	  Overview	  
Spinal	  Muscular	  Atrophy	  (SMA)	  is	  the	  second	  most	  common	  autosomal	  recessive	  
disorder	  and	  the	  leading	  genetic	  killer	  of	  infants	  [1].	  SMA	  has	  a	  carrier	  frequency	  of	  
1:40,	  affecting	  approximately	  1:6000	  live	  births	  [2,3].	  SMA	  affects	  all	  ethnic	  groups	  
similarly,	  with	  the	  exception	  of	  the	  Hutterites,	  a	  small	  religious	  group	  located	  in	  South	  
Dakota.	  The	  Hutterites	  have	  a	  carrier	  frequency	  of	  1:8,	  representing	  the	  highest	  carrier	  
frequency	  reported	  to	  date	  for	  SMA	  [4].	  The	  main	  pathological	  feature	  of	  SMA,	  present	  
in	  all	  human	  patients,	  is	  the	  specific	  loss	  of	  lower	  alpha	  motor	  neurons	  in	  the	  ventral	  
horn	  of	  the	  spinal	  cord	  [5].	  Loss	  of	  these	  cells	  results	  in	  muscle	  atrophy	  which	  
progresses	  in	  a	  proximal	  to	  distal	  fashion.	  	  Frequently,	  muscle	  weakness	  is	  so	  severe	  
that	  affected	  infants	  die	  before	  two	  years	  of	  age.	  However,	  in	  milder	  forms	  of	  the	  
disease,	  muscle	  weakness	  may	  decline	  more	  slowly	  or	  be	  static	  for	  many	  years.	  All	  SMA	  
patients	  share	  a	  common	  set	  of	  symptoms	  including,	  but	  not	  limited	  to:	  absence	  of	  deep	  
tendon	  reflexes,	  tremor	  of	  hands	  and	  fingers,	  hypotonia,	  and	  atrophy	  of	  the	  voluntary	  
muscle	  groups.	  The	  majority	  of	  premature	  deaths	  in	  SMA	  patients	  can	  be	  attributed	  to	  
respiratory	  failure	  [5].	  	  
	   SMA	  is	  classified	  into	  five	  types	  based	  upon	  disease	  severity	  and	  age	  at	  onset	  of	  
symptoms	  [6]	  (for	  review	  of	  types	  see	  [7]).	  Type	  0	  is	  defined	  as	  being	  embryonically	  
lethal.	  Type	  I,	  also	  known	  as	  Werdnig-­‐Hoffmann	  disease,	  is	  the	  most	  severe	  form	  
affecting	  infants	  and	  accounts	  for	  approximately	  50%	  of	  all	  newly	  diagnosed	  cases	  of	  
SMA	  [8].	  These	  patients	  have	  symptoms	  at	  birth	  or	  present	  with	  symptoms	  within	  the	  
2	  
	  
first	  few	  months	  of	  life.	  Affected	  infants	  are	  often	  described	  as	  “floppy”	  as	  they	  lack	  
muscular	  tone	  and	  are	  never	  able	  to	  sit	  without	  support.	  The	  vast	  majority	  of	  SMA	  Type	  
I	  infants	  die	  during	  the	  first	  two	  years	  of	  life	  due	  to	  respiratory	  failure	  [6].	  SMA	  Type	  II,	  
also	  known	  as	  juvenile	  SMA,	  presents	  clinically	  between	  6	  and	  18	  months.	  Generally,	  
these	  infants	  are	  diagnosed	  when	  failing	  to	  crawl	  or	  walk	  within	  a	  normal	  
developmental	  timeframe.	  Life	  expectancy	  for	  type	  II	  patients	  ranges	  from	  early	  
childhood	  to	  middle	  adulthood.	  Most	  type	  II	  patients	  become	  wheelchair	  bound	  due	  to	  
significant	  muscle	  weakness.	  Type	  III,	  also	  called	  Wohlfart-­‐Kugelberg-­‐Welander	  disease,	  
is	  usually	  diagnosed	  in	  late	  childhood.	  These	  children	  are	  able	  to	  stand	  unaided	  and	  may	  
be	  able	  to	  walk	  unassisted	  for	  a	  time.	  However,	  they	  eventually	  require	  a	  wheelchair	  or	  
walking	  assistance	  as	  muscle	  atrophy	  progresses	  [5].	  Type	  IV	  is	  the	  rarest	  form	  of	  SMA.	  
These	  patients	  present	  with	  symptoms	  in	  adulthood.	  Like	  type	  III	  patients,	  they	  often	  
must	  rely	  on	  wheelchair	  or	  walking	  assistance.	  Unlike	  type	  III	  patients,	  however,	  they	  do	  
not	  experience	  a	  shortened	  lifespan.	  
Genetics	  of	  SMA	  and	  Survival	  Motor	  Neuron	  
Despite	  its	  broad	  clinical	  spectrum,	  all	  forms	  of	  SMA	  are	  caused	  by	  the	  
homozygous,	  functional	  loss	  of	  a	  single	  gene,	  Survival	  Motor	  Neuron	  1	  (SMN1)	  located	  
on	  chromosome	  5q13	  [1,9].	  SMN1	  is	  a	  20	  kb	  gene	  encoding	  a	  294	  amino	  acid	  protein	  
from	  9	  exons,	  only	  8	  of	  which	  are	  expressed.	  Most	  cases	  of	  SMA	  are	  caused	  by	  deletions	  
or	  large	  rearrangements	  of	  SMN1.	  Far	  fewer	  cases	  can	  be	  attributed	  to	  missense	  
mutations	  [9].	  	  In	  humans	  an	  inversion	  and	  duplication	  event	  has	  occurred	  such	  that	  a	  
nearly	  identical	  copy	  gene	  is	  present,	  SMN2	  (Figure	  1.1)	  [10].	  SMN2	  is	  retained	  in	  all	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Figure	  1.1	  Schematic	  representation	  of	  the	  SMN-­‐containing	  duplicated	  region	  of	  
chromosome	  5	  (upper	  row),	  genomic	  SMN1	  and	  SMN2	  (middle	  row),	  and	  SMN	  mRNA	  
splicing	  (bottom	  row).	  Upper	  row	  based	  upon	  [14].	  The	  middle	  row	  highlights	  nucleotide	  
changes	  from	  SMN1	  to	  SMN2.	  The	  C	  to	  T	  transition	  is	  highlighted	  as	  this	  nucleotide	  
change	  is	  responsible	  for	  the	  splicing	  patterns	  seen	  in	  the	  bottom	  row.	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SMA	  patients,	  and	  encodes	  the	  same	  protein	  as	  SMN1.	  However,	  SMN1	  and	  SMN2	  differ	  
by	  a	  translationally	  silent,	  C	  to	  T	  transition	  at	  the	  5’	  end	  of	  exon	  7	  [11-­‐13].	  This	  single	  
nucleotide	  difference	  attenuates	  an	  exonic	  splice	  enhancer	  and	  at	  the	  same	  time	  
creates	  an	  exonic	  splice	  silencer,	  causing	  the	  alternative	  splicing	  of	  SMN2	  transcripts	  
such	  that	  the	  primary	  SMN2	  product	  lacks	  exon	  7,	  SMNΔ7	  [15-­‐17].	  Approximately	  90%	  
of	  the	  transcripts	  from	  SMN2	  are	  alternatively	  spliced	  resulting	  in	  the	  SMNΔ7	  product,	  
while	  the	  other	  10%	  of	  transcripts	  produce	  full-­‐length	  SMN	  [11].	  	  SMN2	  does	  not	  
produce	  enough	  full-­‐length	  SMN	  to	  provide	  protection	  from	  SMA	  development	  when	  
SMN1	  is	  not	  present	  [18].	  It	  is	  the	  low	  levels	  of	  full	  length	  SMN	  that	  result	  in	  the	  
development	  of	  SMA.	  However,	  because	  SMN2	  does	  produce	  some	  full	  length	  SMN	  
transcripts,	  it	  has	  a	  critical	  disease	  modifying	  function	  [2,19].	  	  
	   Due	  to	  the	  duplication	  of	  the	  500	  kb	  region	  containing	  the	  human	  SMN	  locus,	  
the	  gene	  copy	  number	  of	  SMN1	  and	  SMN2	  is	  unstable.	  Therefore,	  approximately	  76%	  of	  
the	  general	  population	  has	  fewer	  or	  more	  than	  two	  copies	  of	  SMN2	  [20].	  For	  that	  
reason,	  SMN2	  copy	  number	  also	  varies	  greatly	  amongst	  SMA	  patients.	  	  SMN2	  copy	  
number	  has	  been	  shown	  to	  inversely	  correlate	  with	  disease	  severity	  in	  that	  less	  severe	  
SMA	  patients	  often	  have	  more	  copies	  of	  SMN2	  than	  more	  severely	  affected	  patients	  
(Figure	  1.2)	  [2]	  Type	  I	  patients	  generally	  have	  1-­‐2	  copies,	  type	  II	  patients	  2-­‐3	  copies,	  and	  
type	  III	  patients	  often	  have	  3-­‐4	  copies	  of	  SMN2	  [2,21].	  Also	  there	  has	  been	  documented	  
cases	  of	  individuals	  lacking	  a	  functional	  copy	  of	  SMN1,	  but	  having	  5	  copies	  of	  SMN2,	  
who	  were	  clinically	  normal	  [22].	  
Pathophysiology	  of	  SMA	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Figure	  1.2	  SMN2	  copy	  number	  inversely	  correlates	  with	  disease	  severity.	  Graph	  of	  the	  
frequency	  of	  patients	  with	  type	  I,	  type	  II,	  and	  type	  III	  SMA	  versus	  SMN2	  copy	  number.	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The	  hallmark	  of	  SMA	  is	  the	  loss	  of	  alpha	  motor	  neurons	  in	  the	  spinal	  cord.	  This	  
leads	  to	  defects	  at	  the	  neuromuscular	  junction	  (NMJ),	  including	  denervation,	  
accumulation	  of	  neurofilaments	  at	  the	  synapse,	  and	  reduction	  of	  the	  quantal	  content	  of	  
vesicular	  neurotransmitter	  release	  [23,24].	  These	  NMJ	  defects	  lead	  to	  reduced	  neuronal	  
input	  to	  muscle	  cells,	  resulting	  in	  muscle	  wasting	  [25].	  Interestingly,	  restoration	  of	  SMN	  
solely	  to	  motor	  neurons	  was	  only	  moderately	  able	  to	  rescue	  the	  phenotype	  of	  a	  severe	  
mouse	  model	  of	  SMA	  [26].	  This	  study	  and	  others	  indicate	  that	  other	  CNS	  cell	  types	  play	  
an	  important,	  albeit	  lesser,	  role	  in	  the	  pathogenesis	  of	  SMA.	  	  
The	  requirement	  of	  SMN	  for	  sensory-­‐motor	  circuit	  function	  has	  recently	  been	  
explored.	  SMA	  motor	  neurons	  show	  reduced	  proprioceptive	  reflexes	  that	  correlate	  with	  
decreased	  number	  and	  function	  of	  synapses	  on	  motor	  neuron	  somata	  and	  proximal	  
dendrites	  [27].	  	  Likewise,	  restoration	  of	  SMN	  in	  proprioceptive	  neurons	  and	  
interneurons	  in	  the	  motor	  circuit	  is	  able	  to	  nonautonomously	  correct	  defects	  in	  motor	  
neurons	  and	  muscles	  in	  D.	  melanogaster	  models	  of	  SMA,	  whereas,	  restoration	  of	  SMN	  
in	  either	  muscles	  or	  motor	  neurons	  alone	  is	  not	  [28].	  	  Additionally,	  microglia,	  the	  first	  
line	  of	  immune	  defense	  in	  the	  CNS,	  have	  been	  reported	  to	  be	  activated	  in	  SMA	  mice.	  
Microglia	  physically	  interact	  with	  SMA	  motor	  neurons	  suggesting	  microglia-­‐mediated	  
synaptic	  stripping	  may	  contribute	  to	  the	  denervation	  seen	  in	  SMA	  [29].	  	  
While	  the	  most	  profound	  defects	  are	  seen	  in	  the	  CNS,	  there	  are	  number	  of	  
peripheral	  defects	  which	  arise	  from	  low	  levels	  of	  SMN.	  Defects	  in	  muscle,	  heart,	  
vasculature,	  bone,	  pancreas,	  liver,	  lung,	  and	  intestine	  have	  all	  been	  reported	  in	  patients	  
or	  animal	  models	  of	  SMA	  (for	  review	  see	  [30]).	  The	  identification	  of	  these	  defects	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suggests	  that	  SMA	  is	  a	  multi-­‐system	  disorder,	  not	  the	  motor	  neuron	  autonomous	  
disorder	  once	  thought.	  Further	  elucidation	  of	  the	  complex	  pathology	  underlying	  SMA	  
will	  aid	  not	  only	  our	  understanding	  of	  the	  disease,	  but	  also	  aid	  in	  the	  development	  of	  
therapeutics.	  	  	  	  
Functions	  of	  SMN	  Protein:	  Why	  Do	  Low	  Levels	  of	  SMN	  Cause	  Motor	  Neuron	  Death?	  
	   SMN	  is	  an	  evolutionarily	  conserved	  38kDa	  protein	  which	  is	  ubiquitously	  
expressed,	  consistent	  with	  its	  essential	  role	  in	  survival	  [31].	  Early	  studies	  into	  SMN	  
function	  revealed	  that	  genetic	  deletion	  of	  SMN	  in	  the	  mouse	  results	  in	  pre-­‐implantation	  
lethality	  [32].	  SMN	  is	  expressed	  at	  high	  levels	  in	  the	  brain,	  spinal	  cord,	  kidneys,	  and	  liver.	  
SMN	  is	  also	  less	  adundantly	  expressed	  in	  cardiac	  and	  skeletal	  muscles.	  When	  the	  spinal	  
cord	  from	  an	  SMA	  type	  I	  patient	  was	  examined	  for	  SMN	  protein	  there	  was	  a	  100-­‐fold	  
reduction	  compared	  to	  age-­‐matched	  standards	  [12].	  
SMN	  is	  present	  within	  the	  cytoplasm	  and	  the	  nucleus.	  In	  the	  nucleus,	  it	  is	  often	  
localized	  into	  discrete	  nuclear	  foci	  called	  “gems”	  which	  are	  closely	  related	  to,	  and	  often	  
located	  near,	  Cajal	  bodies	  [33,34].	  Cajal	  bodies	  are	  major	  sites	  of	  nuclear	  RNA	  
transcription	  and	  processing.	  	  Biochemical	  analyses	  have	  shown	  that	  SMN	  forms	  a	  
complex	  with	  proteins	  called	  Gemins	  [35].	  SMN	  together	  with	  Gemins	  2-­‐8	  and	  unrip	  
regulates	  the	  assembly	  of	  small	  nuclear	  ribonuclear	  proteins	  (snRNPs)(for	  review	  see	  
[35,36]).	  snRNPs	  are	  RNA-­‐protein	  complexes	  that	  combine	  with	  unmodified	  pre-­‐mRNA	  
and	  various	  other	  proteins	  to	  form	  a	  spliceosome,	  a	  large	  RNA-­‐protein	  molecular	  
complex	  upon	  which	  splicing	  of	  pre-­‐mRNA	  occurs.	  snRNPs	  are	  assembled	  in	  the	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cytoplasm	  and	  then	  transported	  into	  the	  nucleus	  and	  contain	  a	  single	  snRNA	  and	  Smith	  
Core	  (Sm)	  proteins	  which	  form	  a	  heptameric	  ring	  [35].	  
The	  exact	  mechanism	  behind	  the	  specific	  loss	  of	  motor	  neurons	  seen	  in	  SMA	  
remains	  unclear.	  Currently,	  there	  are	  two	  primary	  schools	  of	  thought	  outlined	  below.	  
The	  first	  argues	  that	  low	  levels	  of	  SMN	  cause	  the	  missplicing	  of	  genes	  specific	  to	  motor	  
neurons,	  leading	  to	  their	  demise.	  The	  second	  suggests	  that	  SMN	  has	  a	  specific	  axonal	  
function	  that	  when	  disrupted	  causes	  motor	  neuron	  death.	  	  
SMN	  has	  known	  functions	  in	  snRNP	  assembly	  for	  all	  cell	  types.	  It	  has	  been	  
suggested	  that	  SMN	  deficiency	  may	  in	  turn	  cause	  deficiency	  of	  U11	  and	  U12	  snRNPs,	  
components	  of	  the	  minor	  spliceosome	  [37-­‐39].	  The	  minor	  spliceosome	  is	  responsible	  for	  
splicing	  U12-­‐type	  introns	  which	  make	  up	  less	  than	  1%	  of	  all	  introns	  in	  human	  cells.	  
However,	  U12-­‐type	  introns	  are	  enriched	  in	  some	  of	  the	  genes	  in	  the	  central	  nervous	  
system,	  such	  as	  voltage-­‐gated	  ion	  channels	  and	  synaptic	  components.	  In	  this	  way,	  low	  
levels	  of	  SMN	  could	  lead	  to	  the	  missplicing	  of	  genes	  specific	  to	  motor	  neurons,	  leading	  
to	  their	  subsequent	  degeneration.	  Recently,	  the	  identification	  of	  a	  U12	  intron	  containing	  
gene	  misspliced	  in	  SMA,	  Stasimon,	  directly	  linked	  defective	  splicing	  of	  a	  neuronal	  gene	  
induced	  by	  SMN	  deficiency	  to	  motor	  neuron	  dysfunction	  and	  degeneration	  [40].	  
However,	  the	  identification	  of	  other	  U12-­‐intron	  containing	  genes	  specifically	  misspliced	  
in	  SMA	  would	  lead	  further	  credibility	  to	  this	  hypothesis.	  	  	  
The	  other	  theory	  suggests	  that	  SMN	  has	  a	  neuron-­‐specific	  function	  which	  is	  
responsible	  for	  the	  specific	  susceptibility	  of	  motor	  neurons	  to	  SMN	  protein	  deficiency	  
[41].	  SMN	  is	  actively	  transported	  in	  discrete	  granules	  within	  axons	  and	  it	  has	  been	  
9	  
	  
hypothesized	  to	  be	  a	  chaperone	  to	  mRNAs	  that	  are	  transported	  to	  the	  neuronal	  growth	  
cone	  [42].	  SMN	  has	  been	  shown	  to	  interact	  and/or	  co-­‐localize	  with	  several	  mRNA	  
binding	  proteins	  such	  as	  hnRNP-­‐R	  [43],	  hnRNP-­‐Q	  ,	  HuD	  [44-­‐46],	  COP1	  [43]	  and	  with	  
candidate-­‐related	  plasticity	  gene	  15	  [44]	  and	  actin	  mRNA	  [47].	  The	  local	  accumulation	  of	  
these	  proteins	  in	  the	  nerve	  terminal	  has	  been	  shown	  to	  be	  impaired	  in	  cultured	  SMN-­‐
deficient	  neurons.	  These	  data	  have	  led	  some	  to	  hypothesize	  that	  SMN	  has	  a	  role	  in	  
mRNA	  axonal	  transport	  and	  processing	  in	  the	  axon	  and	  nerve	  terminals.	  For	  example,	  it	  
is	  known	  that	  proper	  localization	  of	  β-­‐actin	  mRNA	  and	  protein	  is	  required	  for	  growth	  
cone	  guidance	  and	  axon	  elongation	  in	  neurons.	  Furthermore,	  cultured	  motor	  neurons	  
from	  a	  mouse	  model	  of	  SMA	  have	  shown	  decreased	  levels	  of	  β-­‐actin	  mRNA	  and	  protein	  
in	  the	  growth	  cones.	  Together	  these	  data	  suggest	  that	  low	  levels	  of	  β-­‐actin	  at	  the	  
growth	  cone	  or	  pre-­‐synaptic	  nerve	  terminal	  contribute	  to	  SMA	  pathogenesis.	  However,	  
the	  generation	  of	  motor	  neuron	  specific	  β-­‐actin	  knockout	  mice	  has	  shown	  that	  β-­‐actin	  is	  
not	  required	  for	  motor	  neuron	  viability	  or	  the	  maintainence	  of	  neuromuscular	  junctions	  
in	  vivo	  [48].	  Investigation	  into	  SMN’s	  neuronal	  function	  is	  still	  ongoing.	  It	  has	  also	  been	  
suggested	  that	  SMN	  may	  be	  involved	  in	  cytoskeletal	  disruptions	  in	  the	  nerve	  terminal.	  
There	  are	  several	  reports	  that	  support	  this.	  For	  example,	  plastin	  3,	  which	  encodes	  an	  
actin	  modifiying	  protein,	  has	  been	  shown	  to	  be	  a	  protective	  disease	  modifier	  in	  
discordant	  siblings	  [49].	  It	  has	  also	  been	  shown	  that	  overexpression	  of	  plastin	  3	  is	  able	  
to	  rescue	  the	  axon	  length	  and	  outgrowth	  defects	  associated	  with	  SMN	  down-­‐regulation	  
in	  motor	  neurons	  of	  zebrafish	  [49].	  Furthermore,	  compounds	  which	  modulate	  actin	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dynamics	  via	  the	  inhibition	  of	  RhoA/ROCK	  signaling	  have	  been	  shown	  to	  prolong	  the	  
lifespan	  of	  an	  intermediate	  mouse	  model	  of	  SMA	  [50,51].	  	  	  
Much	  debate	  still	  remains	  as	  to	  the	  mechanism	  behind	  the	  specific	  loss	  of	  motor	  
neurons	  resulting	  from	  low	  levels	  of	  SMN.	  Most	  likely,	  SMN	  has	  several	  molecular	  
functions	  and	  the	  exact	  mechanism	  is	  complex	  and	  multi-­‐faceted.	  The	  elucidation	  of	  this	  
mechanism	  may	  become	  more	  clear	  as	  assays	  screening	  SMN	  functionality	  (i.e.	  SMN-­‐
dependent	  mRNA	  transport	  and	  snRNP	  assembly)	  become	  more	  prevalent.	  Most	  
therapeutic	  assays	  to	  date	  have	  focused	  on	  screening	  for	  SMN	  induction	  rather	  than	  
improvements	  in	  SMN	  functionality.	  	  
Animal	  Models	  of	  SMA	  
A	  number	  of	  animal	  models	  have	  been	  created	  that	  aim	  to	  mimic	  aspects	  of	  
human	  SMA.	  SMN	  has	  homologs	  in	  every	  known	  eukaryote,	  making	  the	  generation	  of	  a	  
variety	  of	  animal	  models	  of	  SMA,	  from	  lower	  organisms	  to	  mice	  feasible.	  Currently,	  the	  
development	  of	  a	  large	  animal	  model	  of	  SMA	  (porcine)	  is	  underway	  via	  genetic	  
disruption	  of	  SMN1	  [52]	  or	  alternatively,	  knockdown	  of	  SMN1	  with	  viral	  vectors	  [53].	  
	   The	  observation	  that	  complete	  knockout	  of	  SMN	  is	  embryonically	  lethal	  in	  any	  
organism	  confirms	  the	  need	  for	  SMN	  protein	  for	  survival	  of	  all	  cells	  [32,54,55]	  .	  
Generally,	  SMA	  models	  are	  created	  by	  deletion	  or	  disruption	  of	  SMN1	  and	  addition	  of	  
transgenic,	  human	  SMN2	  to	  rescue	  from	  lethality.	  One	  of	  the	  simplest	  organisms	  used	  
to	  model	  SMA	  has	  been	  yeast.	  S.	  pombe	  has	  a	  SMN	  ortholog	  termed	  Yab8,	  that	  when	  
deleted	  causes	  lethality.	  This	  lethality	  can	  be	  rescued	  by	  addition	  of	  human	  SMN	  [56].	  
Yeast-­‐two-­‐hybrid	  screens	  have	  revealed	  many	  of	  SMN’s	  interacting	  partners.	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   Invertebrate	  models	  of	  SMA	  include	  the	  fruit	  fly	  (D.	  melanogaster)	  and	  
nematode	  worm	  (C.	  elegans).	  Located	  on	  chromosome	  3,	  Drosophila	  has	  a	  single	  SMN	  
gene	  (smn)	  encoding	  a	  226	  amino	  acid	  protein	  [57].	  	  An	  array	  of	  Drosophila	  smn	  mutants	  
have	  been	  generated,	  the	  severity	  of	  which	  correlates	  to	  the	  reduction	  in	  SMN	  levels.	  
Mutants	  range	  from	  those	  which	  die	  in	  the	  larval	  stages	  to	  those	  which	  demonstrate	  a	  
motor	  phenotype,	  being	  unable	  to	  fly	  or	  jump	  [58,59].	  The	  C.	  elegans	  SMN	  ortholog	  is	  
known	  as	  C41g7.1	  or	  CeSMN.	  It	  encodes	  a	  209	  amino	  acid	  protein.	  Knockdown	  of	  
CeSMN	  by	  RNA	  inference	  in	  the	  germline	  is	  lethal	  to	  all	  progeny,	  while	  hypomorphic	  
progeny	  have	  locomotor	  defects	  and	  are	  sterile	  [60].	  
	   Zebrafish	  (D.	  rerio)	  have	  also	  been	  used	  to	  model	  SMA	  either	  transgenically	  or	  
via	  knockdown	  of	  the	  zebrafish	  SMN	  ortholog	  [61].	  Knockdown	  is	  performed	  using	  RNA	  
interference	  or	  morpholinos.	  Using	  antisense	  morpholinos	  to	  reduce	  Smn	  levels	  
throughout	  the	  entire	  embryo	  results	  motor	  axon-­‐specific	  pathfinding	  defects,	  but	  has	  
no	  effect	  on	  the	  muscle	  phenotype	  [62].	  This	  axonal	  pathfinding	  defect	  can	  be	  rescued	  
by	  the	  expression	  of	  human	  SMN	  [63].	  
	   The	  first	  mouse	  model	  of	  SMA,	  known	  as	  the	  “severe”	  model,	  was	  generated	  in	  
the	  Burghes	  laboratory	  [64].	  This	  mouse	  has	  a	  deletion	  of	  mouse	  Smn	  (mSmn),	  which	  by	  
itself	  is	  pre-­‐implantation	  embryonic	  lethal.	  To	  rescue	  from	  lethality,	  one	  copy	  of	  human	  
SMN2	  was	  inserted.	  The	  genotype	  of	  this	  animal,	  when	  bred	  to	  homozygosity,	  is	  mSmn-­‐
/-­‐,	  SMN2	  +/+.	  	  These	  animals	  have	  normal	  numbers	  of	  motor	  neurons	  at	  birth,	  but	  vastly	  
reduced	  numbers	  by	  day	  5,	  around	  which	  time	  the	  animals	  die	  (Figure	  1.3).	  These	  mice	  
are	  symptomatic	  at	  birth	  and	  are	  significantly	  weaker	  than	  their	  unaffected	  littermates.	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Figure	  1.3	  Graphical	  characterization	  of	  the	  severe	  and	  SMNΔ7	  mouse	  models.	  Overt	  
phenotype	  of	  the	  severe	  (A)	  and	  SMNΔ7	  (B)	  mouse	  models	  compared	  to	  heterozygous,	  
unaffected	  littermates.	  Weight	  (C)	  and	  survival	  (D)	  of	  severe	  and	  SMNΔ7	  mouse	  models	  
in	  comparison	  to	  each	  other	  and	  unaffected	  animals.	  This	  data	  was	  obtained	  in	  the	  
Lorson	  laboratory.	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When	  fully	  backcrossed	  onto	  the	  FVB	  background,	  these	  mice	  have	  a	  more	  severe	  
phenotype	  than	  on	  their	  original	  mixed	  (C57/BL6	  and	  FVB)	  background,	  dying	  around	  
embryonic	  day	  E13,	  suggesting	  the	  presence	  of	  modifier	  genes.	  
	   The	  workhorse	  of	  the	  SMA	  models,	  known	  as	  the	  SMNΔ7	  mouse	  model,	  was	  also	  
generated	  in	  the	  Burghes	  lab	  [65].	  This	  model,	  like	  the	  severe	  model,	  lacks	  mSmn	  and	  
has	  two	  copies	  of	  SMN2.	  Additionally,	  these	  mice	  have	  approximately	  15	  copies	  of	  a	  
SMNΔ7	  cDNA	  transgene,	  making	  their	  genotype	  mSmn-­‐/-­‐,	  SMN2	  +/+,	  SMNΔ7.	  The	  
animals	  were	  originally	  made	  to	  test	  if	  the	  primary	  product	  of	  SMN2,	  SMNΔ7,	  was	  toxic.	  
However,	  instead	  of	  being	  toxic,	  it	  was	  found	  that	  the	  SMNΔ7	  protein	  was	  beneficial	  to	  
the	  phenotype	  of	  these	  animals	  (Figure	  1.3).	  As	  originally	  reported,	  these	  animals	  have	  
an	  average	  lifespan	  of	  13.3	  days	  and	  are	  on	  a	  mixed	  genetic	  background	  (C57BL/6	  and	  
FVB).	  These	  mice	  begin	  to	  display	  symptoms	  around	  one	  week	  of	  age	  and	  then	  begin	  to	  
decline	  in	  weight	  and	  motor	  ability.	  Like	  in	  the	  severe	  model,	  genetic	  background	  
dramatically	  influences	  the	  phenotype	  of	  the	  SMNΔ7	  model.	  	  
When	  bred	  to	  be	  fully	  congenic,	  either	  pure	  FVB	  or	  pure	  C57BL/6,	  the	  average	  lifespan	  is	  
severely	  attenuated	  [66].	  This	  model	  closely	  mimics	  human	  SMA	  patients	  in	  that	  there	  is	  
a	  loss	  of	  ventral	  horn	  cells	  and	  the	  voluntary	  muscle	  groups	  are	  affected	  while	  the	  
diaphragm	  is	  spared.	  	  
Recently,	  the	  Ko	  lab	  performed	  a	  systematic	  examination	  of	  NMJ	  innervation	  
patterns	  in	  more	  than	  20	  muscles	  in	  the	  SMNΔ7	  mouse	  [23].	  They	  found	  that	  severe	  
denervation	  (<50%	  fully	  innervated	  endplates)	  occurs	  selectively	  in	  many	  vulnerable	  
axial	  muscles	  and	  several	  appendicular	  muscles	  at	  end	  stage	  disease.	  Because	  the	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affected	  muscles	  were	  located	  throughout	  the	  body	  and	  are	  made	  up	  of	  varying	  muscle	  
fiber	  types,	  it	  is	  unlikely	  that	  fiber	  type	  or	  location	  of	  the	  muscle	  is	  determining	  its	  
susceptibility	  to	  denervation.	  Additionally,	  they	  demonstrated	  that	  neurofilament	  
accumulation	  at	  the	  NMJ	  occurs	  in	  both	  vulnerable	  and	  resistant	  muscles	  prior	  to	  the	  
onset	  of	  denervation,	  indicating	  that	  neurofilament	  accumulation	  is	  not	  a	  predictor	  of	  
NMJ	  denervation.	  In	  the	  severe	  mouse	  model,	  axons	  will	  often	  overshoot	  their	  muscle	  
targets.	  However,	  no	  defects	  in	  axonal	  outgrowth	  have	  been	  seen	  in	  the	  SMNΔ7	  mouse	  
[67].	  	  
	   There	  has	  long	  been	  a	  need	  for	  more	  “intermediate”	  mouse	  models	  of	  SMA.	  The	  
SMNΔ7	  mouse	  model	  is	  a	  very	  valuable	  model,	  but	  its	  severe	  phenotype	  and	  short	  
lifespan	  make	  it	  difficult	  to	  test	  therapeutics	  which	  may	  be	  more	  applicable	  to	  less	  
severe	  forms	  of	  disease.	  	  When	  looking	  at	  the	  phenotypes	  of	  previously	  generated	  
mouse	  models,	  the	  animals	  tend	  toward	  one	  of	  three	  phenotypes:	  those	  dying	  shortly	  
after	  birth	  [64,68]	  ,	  those	  that	  die	  prior	  to	  weaning	  age	  (P30)	  [65],	  and	  those	  with	  a	  
normal	  lifespan	  and	  extremely	  mild	  SMA-­‐like	  pathologies	  [69-­‐71]	  .	  In	  an	  attempt	  to	  
create	  SMA	  mice	  with	  a	  spectrum	  of	  phenotypes	  ranging	  from	  severe	  to	  unaffected,	  the	  
Jackson	  Laboratory	  utilized	  a	  genetic	  engineering	  approach.	  In	  this	  approach	  variable	  
numbers	  of	  the	  SMN2	  sequence	  were	  incorporated	  directly	  into	  the	  mouse	  Smn1	  locus	  
[68].	  By	  combining	  these	  alleles,	  they	  were	  able	  to	  generate	  an	  allelic	  series	  of	  SMA	  
mice	  having	  0-­‐8	  copies	  of	  SMN2.	  This	  allelic	  series	  produced	  one	  of	  two	  effects:	  
embryonic	  lethality	  or	  viable	  animals	  with	  normal	  life	  spans,	  albeit	  some	  mild	  
phenotypic	  differences.	  These	  outcomes	  show	  that	  there	  is	  likely	  a	  threshold	  of	  SMN	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needed	  for	  longevity,	  rather	  than	  it	  having	  a	  more	  titratable	  effect	  (i.e.	  improving	  
phenotype	  with	  increasing	  amounts	  of	  SMN).	  	  
	   Recently,	  there	  have	  been	  some	  successful	  attempts	  to	  create	  an	  intermediate	  
model.	  Cobb	  et	  al.	  have	  developed	  a	  model	  based	  the	  human	  genomic	  SMN2	  gene	  [72].	  
Genetically,	  this	  model	  is	  similar	  to	  the	  well-­‐characterized	  SMNΔ7	  model;	  however,	  the	  
SMNΔ7	  transgene	  has	  been	  manipulated	  to	  encode	  a	  modestly	  more	  functional	  protein	  
referred	  to	  as	  SMN	  read-­‐through	  (SMNRT).	  By	  introducing	  the	  SMNRT	  transgene	  onto	  the	  
background	  of	  a	  severe	  mouse	  model	  of	  SMA	  (SMN2+/+;Smn−/−),	  disease	  severity	  was	  
significantly	  decreased	  and	  lifespan	  was	  extended	  from	  an	  average	  of	  7	  to	  34	  days.	  The	  
longest	  lived	  mice	  survived	  more	  than	  70	  days.	  	  Importantly,	  there	  is	  not	  a	  full	  
phenotypic	  correction,	  which	  allows	  for	  the	  examination	  of	  a	  broad	  range	  of	  
therapeutics,	  including	  SMN2-­‐dependent	  and	  SMN-­‐independent	  pathways.	  	  
Another	  intermediate	  model,	  known	  as	  the	  SMN2B/-­‐	  model,	  is	  based	  upon	  a	  
knock-­‐in	  mutation	  within	  the	  endogenous	  mSmn	  exon7	  sequence	  [50].	  The	  mutation	  is	  
designed	  to	  disrupt	  a	  highly	  conserved	  splice	  enhancer	  sequence	  required	  for	  the	  
proper	  splicing	  of	  Smn	  exon	  7.	  The	  SMN2B	  mutation	  causes	  SMN1	  to	  mimic	  SMN2	  pre-­‐
mRNA	  splicing,	  resulting	  in	  reduced	  levels	  of	  full-­‐length	  SMN	  and	  primarily	  generating	  
the	  SMNΔ7	  product.	  It	  is	  important	  to	  note,	  however,	  that	  the	  SMN2B	  mutation	  is	  not	  
equivalent	  to	  the	  SMN2	  gene.	  Therefore,	  therapies	  designed	  to	  modulate	  SMN2	  
splicing,	  such	  as	  splice-­‐site	  switching	  oligonucleotides,	  cannot	  be	  tested	  in	  this	  model.	  
The	  SMN2B	  allele	  is	  combined	  with	  a	  knockout	  allele	  to	  create	  the	  experimental	  SMN2B/-­‐	  
animals.	  SMA	  disease	  progression	  is	  slower	  than	  in	  the	  SMNΔ7	  model	  and	  the	  majority	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of	  mice	  die	  by	  one	  month	  of	  age	  (Figure	  1.4).	  However,	  much	  like	  the	  SMNRT	  model,	  
some	  animals	  are	  longer	  lived	  reaching	  70	  or	  more	  days	  of	  age.	  
AAV	  Therapeutics	  for	  SMA	  Applications:	  
Adeno-­‐Associated	  Virus	  (AAV)	  Biology	  
AAV	  is	  a	  small	  (20-­‐25	  nm),	  single-­‐stranded	  DNA	  (4680	  nucleotides),	  non-­‐enveloped,	  
replication-­‐defective	  virus	  that	  has	  recently	  become	  the	  primary	  vector	  used	  in	  gene	  
therapy	  applications	  [73].	  Wild	  type	  AAV	  is	  known	  to	  infect	  humans	  and	  some	  other	  
primate	  species	  where	  it	  transduces	  both	  dividing	  and	  nondividing	  cells	  and	  then	  
becomes	  latent	  for	  the	  life	  of	  the	  cell.	  As	  a	  dependovirus,	  AAV	  cannot	  replicate	  and	  form	  
viral	  capsids	  in	  its	  host	  cell	  without	  the	  cell	  being	  coinfected	  by	  a	  helper	  virus	  such	  as	  
adenovirus	  [74].	  In	  fact,	  AAV	  derives	  its	  name	  from	  the	  discovery	  that	  new	  AAV	  particles	  
can	  be	  generated	  in	  the	  presence	  of	  adenovirus.	  Later,	  the	  specific	  proteins	  from	  
adenovirus	  which	  facilitate	  AAV	  replication	  were	  identified	  [75,76].These	  proteins	  are	  
now	  used	  when	  generating	  AAV	  in	  the	  lab	  (see	  vector	  production	  section	  below).	  Wild	  
type	  AAV	  has	  the	  ability	  to	  stably	  integrate	  into	  the	  host	  cell	  genome	  at	  a	  specific	  site	  
(designated	  AAVS1)	  in	  the	  human	  chromosome	  19	  [77,78].	  	  However,	  development	  of	  
AAV	  as	  a	  gene	  therapy	  vector	  has	  eliminated	  its	  ability	  to	  integrate	  into	  the	  genome.	  	  
AAV-­‐based	  gene	  therapy	  vectors	  form	  episomal	  concatemers	  in	  the	  host	  cell	  nucleus	  
(Figure	  1.5)	  [79].	  In	  non-­‐dividing	  cells,	  these	  concatemers	  remain	  intact	  for	  the	  life	  of	  
the	  host	  cell.	  In	  mice,	  AAV	  expression	  has	  been	  shown	  to	  be	  persistent	  over	  long	  periods	  
of	  time	  eliminating	  the	  need	  for	  readministration	  after	  the	  initial	  dosing	  [81,82].	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Figure	  1.4	  Phenotype	  of	  SMN2B/-­‐	  mice	  compared	  to	  a	  wild	  type	  control	  mice.	  Overt	  
phenotype	  (A),	  weight	  (B),	  and	  survival	  (C)	  of	  SMN2B/-­‐	  and	  unaffected,	  SMN2B/-­‐	  .	  Average	  
lifespan	  of	  the	  SMN2B/-­‐	  	  animals	  is	  approximately	  30	  days.	  This	  data	  was	  obtained	  in	  the	  
Lorson	  laboratory.	  	  	  	  
B	  
C	  
A	   SMN2B/-­‐	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  SMN2B/+	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Figure	  1.5	  Wild	  type	  AAV	  integrates	  into	  the	  host	  cell	  genome.	  When	  rAAV	  was	  
engineered	  to	  be	  a	  gene	  therapy	  vector,	  its	  integration	  ability	  was	  removed.	  rAAV	  forms	  
episomal	  concatemers	  in	  the	  host	  cell	  nucleus.	  In	  non-­‐dividing	  cells,	  these	  concatemers	  
remain	  intact	  for	  the	  life	  of	  the	  cell.	  When	  cells	  divide,	  the	  concatemers	  are	  not	  retained	  
in	  daughter	  cells.	  Figure	  adapted	  from	  [80].	  
	  
	  
19	  
	  
Self-­‐Complementary	  AAV	  	  
It	  is	  important	  to	  note	  that	  AAV	  comes	  in	  two	  varieties,	  traditional	  AAV	  (ssAAV)	  
and	  self-­‐complementary	  AAV	  (scAAV).	  AAV	  vectors	  package	  single-­‐stranded	  genomes	  
and	  require	  host-­‐cell	  synthesis	  of	  the	  complementary	  strand	  for	  transduction.	  The	  
inverted	  terminal	  repeats	  (ITRs)	  form	  hairpins	  at	  the	  end	  of	  the	  sequence	  which	  serve	  as	  
primers	  to	  initiate	  synthesis	  of	  the	  second	  strand	  before	  expression	  can	  begin	  [83].	  This	  
process	  can	  take	  several	  days	  (~5	  to	  7	  days).	  In	  SMA	  applications	  this	  delay	  in	  expression	  
is	  detrimental	  as	  the	  most	  commonly	  used	  mouse	  model,	  the	  SMNΔ7	  model,	  displays	  
symptoms	  around	  one	  week	  of	  age	  and	  generally	  dies	  around	  two	  weeks.	  In	  order	  to	  
effectively	  utilize	  this	  model,	  one	  needs	  a	  viral	  vector	  which	  will	  express	  its	  genome	  
more	  quickly	  after	  neonatal	  delivery.	  	  scAAV	  has	  been	  engineered	  to	  form	  an	  intra-­‐
molecular	  double-­‐stranded	  DNA	  template.	  After	  transduction,	  rather	  than	  waiting	  for	  
cell	  mediated	  synthesis	  of	  the	  second	  strand,	  the	  two	  complementary	  halves	  of	  scAAV	  
associate	  to	  form	  a	  double	  stranded	  DNA	  unit,	  ready	  for	  immediate	  expression	  (Figure	  
1.6).	  In	  addition	  to	  rapid	  expression,	  scAAV	  vectors	  have	  more	  robust	  expression	  in	  
mouse	  liver,	  brain,	  and	  muscle	  when	  compared	  to	  ssAAV	  [84-­‐86].	  Improved	  expression	  
in	  these	  tissues	  is	  especially	  beneficial	  in	  the	  treatment	  of	  SMA,	  as	  SMN	  has	  proposed	  
functions	  in	  both	  the	  brain	  and	  muscle	  (see	  SMN	  protein	  function).	  	  However,	  one	  
disadvantage	  of	  the	  use	  of	  scAAV	  is	  its	  limited	  carrying	  capacity.	  While	  AAV	  can	  carry	  
approximately	  4.7-­‐6	  kb,	  scAAV	  can	  only	  carry	  2.5-­‐3.3	  kb	  [87].	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   Pros	  	   Cons	  	  
ssAAV	  	   Larger	  packaging	  capacity	   Rate	  limiting	  second	  
strand	  synthesis	  	  
scAAV	  	   Rapid	  gene	  expression	  
More	  robust	  expression	  in	  liver,	  
brain,	  and	  muscle	  	  
Reduced	  packaging	  
capacity	  	  
	  
Figure	  1.6	  Pros	  and	  cons	  of	  the	  use	  of	  ssAAV	  and	  scAAV	  vectors	  for	  gene	  therapy	  
applications.	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AAV	  Serotypes	  and	  Tropism	  
There	  are	  11	  serotypes	  of	  AAV:	  1-­‐11.	  The	  most	  commonly	  used	  serotype	  for	  SMA	  
applications	  is	  serotype	  9.	  When	  compared	  to	  serotypes	  1-­‐8,	  AAV9	  results	  in	  the	  best	  
viral	  genome	  distribution	  and	  highest	  protein	  levels	  [81].	  AAV9	  has	  a	  broad	  tissue	  
tropism;	  when	  injected	  intravenously,	  it	  is	  known	  to	  transduce	  the	  liver,	  heart,	  brain,	  
lungs,	  pancreas,	  kidney,	  and	  central	  nervous	  system	  (CNS)	  [88].	  Importantly,	  AAV9	  is	  
able	  to	  cross	  the	  blood-­‐brain	  barrier	  in	  neonatal	  mice	  following	  a	  systemic	  injection	  
[89,90].	  Recent	  publications	  have	  shown	  that	  ~60%	  of	  total	  motor	  neurons	  are	  
transduced	  20	  days	  following	  an	  IV	  injection	  in	  mice	  given	  at	  P2	  [90].	  As	  further	  
validation	  of	  the	  ability	  of	  scAAV9	  to	  cross	  the	  blood	  brain	  barrier,	  Duque	  et	  al.	  
intravenously	  injected	  scAAV9-­‐GFP	  into	  two-­‐day-­‐old	  LIX1	  kittens	  [89].	  At	  15	  days	  of	  age,	  
robust	  GFP	  expression	  was	  observed	  in	  the	  spinal	  cord	  with	  approximately	  35%	  of	  motor	  
neurons	  expressing	  GFP.	  Furthermore,	  when	  scAAV9-­‐GFP	  was	  administered	  via	  systemic	  
injection	  to	  cynomolgus	  macaques	  at	  1	  day	  of	  age,	  four	  weeks	  later	  GFP	  transduction	  in	  
the	  spinal	  motor	  neurons	  was	  similar	  to	  that	  seem	  in	  mice	  [90].	  This	  demonstration	  of	  
scAAV9’s	  ability	  to	  cross	  the	  blood	  brain	  barrier	  in	  non-­‐human	  primates	  argues	  well	  for	  
human	  applications.	  Taken	  together,	  these	  studies	  show	  that	  early	  injection	  of	  AAV9	  
sufficiently	  targets	  cells	  in	  the	  CNS	  making	  it	  a	  viable	  vector	  for	  gene	  replacement	  in	  
SMA.	  	  	  
AAV	  Vector	  Production	  and	  Purification	  
	   Significant	  progress	  has	  been	  made	  regarding	  the	  production	  of	  AAV	  since	  the	  
first	  report	  of	  its	  use	  as	  a	  transducing	  vector	  [91].	  However,	  the	  basic	  requirements	  for	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production	  remain	  largely	  unchanged.	  All	  AAV	  production	  methods	  require	  certain	  
components	  to	  be	  offered	  in	  trans	  with	  respect	  to	  the	  vector	  genome	  (vg).	  These	  
components	  are	  the	  AAV	  non-­‐structural	  proteins,	  the	  AAV	  structural	  proteins,	  the	  
adenovirus	  helper	  factors,	  and	  cellular	  factors	  needed	  for	  assembly	  and	  vg	  replication.	  
The	  only	  cis	  elements	  required	  for	  the	  generation	  of	  AAV	  vectors	  are	  two	  145	  nucleotide	  
ITRs.	  The	  ITRs	  are	  necessary	  for	  viral	  replication,	  packaging	  and	  stabilization	  of	  the	  vg	  in	  
the	  transduced	  cell	  [92-­‐95].	  	  	  
There	  are	  two	  main	  strategies	  used	  to	  generate	  AAV	  particles	  in	  cells,	  
characterized	  based	  upon	  how	  the	  adenovirus	  helper	  factors	  are	  provided.	  One	  method	  
depends	  on	  wild-­‐type	  adenovirus	  infection	  into	  cell	  lines	  that	  stably	  harbor	  AAV	  
replication	  (rep)	  and	  encapsidation	  (cap)	  genes	  in	  addition	  to	  the	  AAV	  vg.	  The	  other	  
method,	  known	  as	  the	  helper-­‐free	  method,	  uses	  adenovirus-­‐free	  transient	  transfection	  
of	  all	  the	  components	  required	  for	  AAV	  production	  into	  host	  cells	  such	  as	  HEK293	  cells	  
[96].	  The	  virus	  produced	  for	  the	  work	  described	  here	  was	  produced	  using	  the	  latter	  
method.	  In	  this	  method	  three	  plasmids	  are	  co-­‐transfected	  into	  HEK293	  cells:	  1)	  an	  AAV2	  
ITR-­‐containing	  plasmid	  carrying	  the	  gene	  of	  interest,	  2)	  a	  plasmid	  with	  AAV9	  rep	  and	  cap	  
genes,	  and	  3)	  a	  plasmid	  which	  provides	  necessary	  helper	  genes	  (E2A,	  E4ORF6,	  VA	  RNAs)	  
isolated	  from	  adenovirus	  (Figure	  1.7).	  	  The	  HEK293	  cells	  provide	  the	  E1A	  and	  E1B	  genes,	  
the	  other	  adenovirus	  helper	  genes	  needed	  [97].	  	  The	  plasmids	  are	  transfected	  into	  the	  
cells	  using	  linear	  polyethylenimine	  [98].	  Forty-­‐eight	  hours	  after	  transfection,	  the	  cells	  
are	  harvested	  and	  viral	  purification	  is	  initiated.	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Figure	  1.7	  Triple	  transfection	  of	  HEK293	  cells	  to	  produce	  rAAV.	  The	  three	  plasmids	  are:	  
1)	  an	  AAV2	  ITR-­‐containing	  plasmid	  carrying	  the	  gene	  of	  interest,	  2)	  a	  plasmid	  with	  AAV	  
rep	  and	  cap	  genes,	  and	  3)	  a	  plasmid	  providing	  the	  needed	  adenovirus	  helper	  genes.	  
Together	  with	  the	  HEK293	  cells,	  these	  plasmids	  provide	  the	  gene	  necessary	  for	  AAV	  
production.	  Adopted	  from	  [100].	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Viral	  particles	  can	  be	  purified	  from	  cells	  and	  concentrated	  for	  in	  vivo	  use	  in	  a	  
number	  of	  ways	  (for	  review	  see	  [99]).	  One	  of	  the	  oldest	  and	  most	  widely	  used	  methods	  
for	  viral	  particle	  purification	  uses	  isopycnic	  cesium	  chloride	  (CsCl)	  ultracentrifugation	  to	  
generate	  a	  density	  gradient	  [100].	  	  In	  this	  method,	  ultracentrifugation	  is	  used	  to	  remove	  
impurities	  and	  concentrate	  the	  viral	  particles.	  After	  the	  last	  ultracentrifugation	  step,	  the	  
concentrated	  virus	  is	  titered	  using	  quantitative	  real-­‐time	  PCR	  [101].	  	  
Studies	  Utilizing	  scAAV	  for	  SMN1	  Gene	  Replacement	  
	   Because	  SMA	  is	  monogenic,	  it	  is	  well	  suited	  to	  gene	  replacement	  via	  gene	  
therapy.	  The	  first	  study	  demonstrating	  that	  delivery	  of	  ubiquitously	  driven	  SMN1	  cDNA	  
via	  scAAV	  is	  able	  to	  rescue	  the	  phenotype	  of	  the	  SMNΔ7	  mouse	  model	  was	  published	  in	  
2010	  [102].	  In	  this	  study	  SMNΔ7	  mice	  were	  given	  a	  one-­‐time	  intravenous	  injection	  of	  
scAAV9-­‐hSMN	  at	  P1.	  Since	  this	  initial	  report,	  several	  groups	  have	  explored	  using	  scAAV	  
as	  a	  vector	  to	  deliver	  SMN.	  For	  a	  detailed	  summary	  of	  these	  studies	  see	  Table	  1.1.	  Taken	  
together,	  these	  studies	  demonstrate	  that	  scAAV	  carrying	  SMN1	  is	  able	  completely	  
rescue	  the	  lifespan	  of	  the	  SMNΔ7	  mouse	  model	  (Figure	  1.3).	  Furthermore,	  they	  provide	  
a	  platform	  from	  which	  optimization	  of	  variable	  parameters,	  such	  as	  route	  of	  delivery	  
and	  time	  of	  viral	  administration,	  can	  be	  examined.	  	  
scAAV9-­‐SMN	  Vector	  Design	  
Studies	  thus	  far	  utilizing	  scAAV	  for	  ubiquitous	  expression	  of	  SMN	  have	  all	  used	  a	  
very	  similar	  vector	  design.	  This	  vector	  design	  consists	  of	  a	  ubiquitous	  promoter,	  a	  
chimeric	  intron,	  the	  SMN	  cassette,	  and	  a	  poly	  A	  tail	  inserted	  between	  the	  viral	  ITRs.	  For	  
the	  work	  described	  here,	  the	  CAG	  promoter	  was	  used	  (Figure	  1.8).	  The	  CAG	  promoter	  is	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Vector	   SMA	  
Mouse	  
Model	  
Route	  
of	  
Delivery	  
Site	  of	  
Injection	  
Total	  
Dose	  
Median	  
Survival	  
Benefit	  (day)	  
Refs	  
scAAV9-­‐
hSMN	  
SMNΔ7	   IV	   Facial	  Vein	   5x1011	  gc	   Complete	  
lifespan	  rescue	  
[102]	  
scAAV9-­‐
hSMN	  (co)	  
SMNΔ7	   IV	   Facial	  Vein	   1x1011	  gc	   69	   [109]	  
scAAV9-­‐
hSMN	  (co)	  
SMNΔ7	   IV	   Facial	  Vein	   4.5x1010	  
gc	  
242	   [110]	  
scAAV8-­‐
hSMN	  
SMNΔ7	   CNS	   ICV	  
Lumbar	  IP	  
1.7x1010	  
gc	  
157	   [111]	  
scAAV8-­‐
hSMN	  
SMNΔ7	   CNS	   ICV	  
Lumbar	  IP	  
5x1010	  gc	   50	   [111]	  
scAAV9-­‐
hSMN	  
SMNΔ7	   CNS	   ICV	   1x1010	  gc	   169	   [112]	  
scAAV9-­‐
hSMN	  
SMNΔ7	   IV	   Facial	  Vein	   1x1010	  gc	   34	   [112]	  
scAAV9-­‐
hSMN	  
Severe	   CNS	   ICV	   1x1011	  gc	   17	   [113]	  
scAAV9-­‐
hSMN	  
Severe	   IV	   Facial	  Vein	   1x1011	  gc	   8	   [113]	  
scAAV9-­‐
hSMN	  (co)	  
SMNΔ7	   IM	   Bilateral	  
gastrocnemius	  
7	  ×	  1010	  vg	   26	   [114]	  
scAAV9-­‐
hSMN	  (co)	  
SMNΔ7	   IM	   Bilateral	  
gastrocnemius	  
and	  triceps	  
7	  ×	  1010	  vg	   163	   [114]	  
	  
Table	  1.1	  SMN	  gene	  therapy	  studies	  conducted	  in	  SMA	  mice.	  Genotypes	  of	  mouse	  
models	  used:	  SMNΔ7	  (mSMN+/-­‐	  SMN2+/+	  SMNΔ7+/+)	  and	  Severe	  (mSMN+/-­‐	  SMN2+/+).	  
Abbreviations	  used:	  co=codon	  optimized,	  gc=genome	  copies	  (vector	  genomes),	  
ICV=intracerebroventricular,	  IP=intraparenchymal.	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Figure	  1.8	  Schematic	  representation	  of	  the	  scAAV	  vector	  used	  in	  the	  studies	  
represented	  here.	  The	  CAG	  promoter	  contains	  a	  chimeric	  intron	  to	  enhance	  expression	  
of	  the	  SMN	  gene.	  The	  expression	  cassette	  is	  flanked	  by	  the	  ITRs	  (inverted	  terminal	  
repeats)	  which	  serve	  as	  replication	  and	  encapsidation	  signals	  and	  must	  be	  in	  cis	  with	  
SMN	  in	  order	  to	  produce	  viral	  particles.	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a	  strong	  hybrid	  promoter	  frequently	  used	  to	  drive	  high	  levels	  of	  gene	  expression	  in	  
mammalian	  expression	  vectors	  [103,104].	  It	  consists	  of	  the	  following	  sequences;	  (C)	  the	  
cytomegalovirus	  (CMV)	  early	  enhancer	  element,	  (A)	  the	  promoter,	  the	  first	  exon,	  the	  
first	  introns	  of	  the	  chicken	  beta-­‐actin	  gene,	  and	  (G)	  the	  splice	  acceptor	  of	  the	  rabbit	  
beta-­‐globin	  gene	  [105,106].	  The	  presence	  of	  the	  chimeric	  intron	  within	  the	  promoter	  
serves	  to	  increase	  SMN	  expression	  [107,108].	  The	  SMN	  cassette	  used	  here	  is	  strictly	  the	  
human	  SMN	  cDNA.	  However,	  some	  labs	  have	  used	  a	  codon	  optimized	  SMN	  sequence	  in	  
an	  effort	  to	  maximize	  expression	  [109,110].	  	  
Clinical	  Trials	  Using	  AAV	  
	   In	  September	  2013,	  the	  FDA	  granted	  approval	  to	  physician-­‐scientists	  at	  
Nationwide	  Children’s	  hospital	  in	  Columbus,	  Ohio	  to	  begin	  a	  phase	  I	  clinical	  trial	  using	  
AAV9	  carrying	  the	  human	  SMN1	  gene.	  The	  trial	  is	  slated	  to	  begin	  in	  early	  2014	  and	  will	  
be	  limited	  to	  Type	  I	  SMA	  patients	  ranging	  in	  age	  from	  birth	  to	  nine	  months.	  Previous,	  
pre-­‐clinical	  research	  from	  Nationwide	  Children’s	  principal	  investigator,	  Brain	  Kaspar,	  
PhD,	  has	  demonstrated	  that	  AAV9	  is	  able	  to	  cross	  the	  blood	  brain	  barrier	  in	  non-­‐human	  
primates	  following	  systemic	  injection	  [115].	  This	  work	  has	  set	  the	  stage	  for	  the	  
upcoming	  clinical	  trial,	  in	  which	  AAV9-­‐SMN	  will	  be	  injected	  to	  patients	  intravenously.	  An	  
additional	  program	  also	  using	  the	  AAV9-­‐SMN	  will	  examine	  a	  different	  route	  of	  delivery	  
by	  injecting	  the	  virus	  into	  the	  cerebrospinal	  fluid.	  This	  program	  is	  currently	  moving	  
toward	  clinical	  testing.	  	  
	   More	  broadly,	  the	  United	  States	  National	  Institutes	  of	  Health	  reports	  59	  clinical	  
trials	  in	  various	  phases	  of	  completion	  which	  utilize	  AAV.	  Among	  the	  conditions	  being	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addressed	  are	  muscular	  dystrophies,	  heart	  failure,	  hemophilia,	  retinal	  degeneration,	  
Pompe	  disease,	  and	  Parkinson’s	  disease.	  Several	  studies	  have	  shown	  AAV	  to	  be	  safe.	  
However,	  there	  have	  yet	  to	  be	  reports	  of	  disease	  improvement	  with	  AAV	  vectors.	  
However,	  clinical	  use	  of	  AAV	  as	  a	  therapeutic	  is	  new	  and	  there	  remains	  tremendous	  
potential	  for	  it	  in	  the	  future.	  	  	  	  
Other	  Therapeutic	  Approaches	  for	  the	  Treatment	  of	  SMA:	  
	  
In	  addition	  to	  viral	  gene	  replacement,	  various	  other	  therapeutic	  interventions,	  
with	  various	  targets,	  are	  currently	  being	  examined	  for	  SMA.	  There	  are	  many	  approaches	  
that	  have	  been	  used	  when	  designing	  a	  therapeutic,	  many	  of	  which	  will	  be	  highlighted	  
below:	  
SMN	  Upregulation	  
Because	  all	  patients	  retain	  at	  least	  one	  copy	  of	  SMN2	  and	  because	  SMN2	  is	  
capable	  of	  producing	  full-­‐length	  SMN	  protein,	  this	  gene	  is	  a	  common	  therapeutic	  target.	  
One	  strategy	  for	  upregulating	  the	  production	  of	  full	  length	  SMN	  is	  histone	  deacetylase	  
inhibition.	  This	  has	  been	  achieved	  with	  a	  class	  of	  compounds	  known	  as	  Histone	  
Deacetylase	  inhibitors	  (HDACi).	  HDACi	  relieve	  the	  transcriptional	  repression	  of	  HDACs	  
which	  allow	  histones	  to	  wrap	  DNA	  more	  tightly	  thereby	  creating	  a	  tightly	  coiled,	  
transcriptionally	  repressed	  region	  of	  chromatin.	  	  Sodium	  butyrate	  was	  the	  first	  drug	  
used	  to	  show	  that	  the	  SMN2	  gene	  could	  be	  activated	  by	  HDACi	  [116].	  Several	  other	  
HDACi	  such	  as	  valporic	  acid	  (VPA),	  phenylbutyrate,	  trichostatin	  A	  (TSA),	  and	  
suberoylanilide	  hydroxamic	  acid	  (SAHA)	  have	  since	  been	  shown	  to	  increase	  SMN2	  
expression	  in	  both	  cell	  lines	  and	  animal	  models	  [117-­‐122].	  These	  drugs	  decrease	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acetylation	  levels	  on	  HDAC2,	  which	  surrounds	  the	  transcriptional	  start	  site	  of	  SMN.	  VPA	  
has	  been	  reported	  to	  improve	  motor	  function	  in	  a	  type	  III	  mouse	  model	  [121]	  and	  TSA	  
has	  been	  shown	  to	  increase	  the	  median	  lifespan	  of	  the	  SMNΔ7	  model	  by	  19%	  [122].	  	  
SMN	  can	  also	  be	  upregulated	  by	  targeting	  the	  STAT5	  pathway	  [123]	  [124].	  STAT5	  
proteins	  are	  involved	  in	  cytosolic	  signaling	  and	  in	  mediating	  the	  expression	  of	  specific	  
genes,	  such	  as	  SMN.	  Stat5	  activation	  has	  been	  shown	  to	  enhance	  SMN2	  promoter	  
activity	  with	  increases	  in	  both	  full-­‐length	  and	  SMNΔ7	  transcripts	  in	  SMN2-­‐NSC34	  cells	  
[123].	  	  Most	  recently,	  it	  was	  shown	  that	  prolactin	  (PRL)	  is	  able	  to	  increase	  SMN	  levels	  by	  
activating	  the	  STAT5	  pathway.	  Systemic	  administration	  of	  PRL	  to	  SMNΔ7	  mice	  resulted	  
in	  improved	  motor	  function	  and	  enhanced	  survival	  (median	  survival	  increased	  by	  7	  days)	  
[124].	  Prolactin	  is	  FDA	  approved	  and	  thus,	  would	  be	  available	  for	  use	  in	  SMA	  clinical	  
trials.	  However,	  it	  is	  unknown	  if	  the	  dosages	  commonly	  used	  in	  clinical	  practice	  for	  other	  
applications	  would	  be	  sufficient	  to	  upregulate	  SMN2	  expression.	  
Splicing	  Modulation	  
	   The	  splicing	  of	  SMN2	  can	  be	  modulated	  by	  a	  number	  of	  approaches,	  the	  shared	  
goal	  of	  which	  is	  to	  increase	  exon	  7	  inclusion.	  One	  approach	  for	  increasing	  SMN2	  exon	  7	  
inclusion	  is	  the	  use	  of	  nucleic	  acid-­‐based	  therapeutics.	  Antisense	  oligonucleotides	  
(ASOs)	  are	  short	  sequences	  of	  nucleic	  acid	  able	  to	  recognize	  a	  target	  sequence	  with	  a	  
high	  degree	  of	  specificity.	  ASOs	  for	  SMA	  are	  designed	  to	  be	  splice-­‐switching,	  altering	  
SMN2	  exon	  7	  pre-­‐mRNA	  splicing	  in	  an	  effort	  to	  generate	  more	  full-­‐length,	  exon	  7	  
containing	  transcripts.	  Various	  sequences	  of	  SMN2	  mRNAs	  have	  been	  targeted	  with	  
varying	  results.	  The	  most	  successful	  ASOs	  are	  able	  to	  extend	  the	  lifespan	  of	  the	  SMNΔ7	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mouse	  model	  to	  greater	  than	  100	  days	  [125].	  Different	  ASOs	  utilizing	  various	  
chemistries	  [126-­‐128]	  as	  well	  as	  a	  transsplicing	  molecule	  [129]	  have	  been	  studied	  in	  cell	  
and	  animal	  models.	  In	  2009	  ISIS	  pharmaceuticals,	  Inc.	  began	  working	  on	  a	  2’-­‐O-­‐2-­‐
methyoxyethyl-­‐modified	  ASO	  (ISIS	  SMNRx).	  Due	  to	  its	  success	  in	  animal	  studies,	  ISIS	  
SMNRx	  entered	  clinical	  trials	  in	  2011.	  These	  trials	  are	  progressing	  and	  ongoing	  and	  have	  
shown	  efficacy	  in	  human	  patients	  thus	  far	  [130].	   	  
	   In	  addition	  to	  ASOs,	  several	  small	  molecule	  compounds	  have	  been	  identified	  that	  
modulate	  SMN2	  exon	  7	  splicing.	  Most	  recently,	  PTC	  Therapeutics,	  a	  company	  focused	  
on	  developing	  drugs	  that	  target	  post-­‐transcriptional	  control	  of	  gene	  expression,	  has	  
identified	  compounds	  which	  are	  able	  to	  increase	  SMN2	  exon	  7	  inclusion.	  They	  have	  
reported	  three	  compounds,	  one	  of	  which	  is	  able	  to	  extend	  the	  median	  survival	  of	  
SMNΔ7	  mice	  from	  14	  to	  132	  days	  [131].	  These	  compounds	  are	  able	  to	  cross	  the	  blood-­‐
brain	  barrier	  after	  oral	  delivery,	  but	  their	  chemical	  structures	  and	  mechanism	  of	  action	  
have	  not	  yet	  been	  released.	  	  
SMN	  Stabilization	  
	   Glycogen	  synthase	  kinase	  3	  (GSK-­‐3)	  inhibitors	  have	  been	  explored	  as	  a	  
therapeutic	  target	  for	  SMA.	  GSK-­‐3	  is	  a	  serine/threonine	  protein	  kinase	  which	  mediates	  
the	  addition	  of	  phosphates	  onto	  serine	  and	  threonine	  amino	  acid	  residues.	  Inhibition	  of	  
GSK-­‐3	  has	  been	  shown	  to	  stabilize	  the	  SMN	  protein,	  increasing	  its	  intracellular	  levels	  
[132].	  A	  GSK-­‐3	  inhibitior,	  BIP-­‐135,	  has	  been	  shown	  to	  modestly	  prolong	  survival	  of	  the	  
SMNΔ7	  mouse	  model.	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   An	  alternative	  approach	  to	  SMN	  protein	  stabilization	  is	  proteasome	  inhibition.	  	  
The	  FDA	  approved	  ubiquitin	  proteasome	  inhibitor,	  Bortezomib,	  while	  able	  to	  increase	  
SMN	  protein	  levels,	  was	  unable	  to	  improve	  the	  survival	  of	  SMA	  mice.	  However,	  when	  
administered	  with	  TSA	  (see	  SMN	  upregulation),	  Bortezomib	  produced	  an	  improvement	  
in	  survival	  better	  than	  that	  seen	  when	  TSA	  was	  administered	  alone	  indicating	  that	  
inhibition	  of	  SMN	  degradation	  can	  reduce	  disease	  severity	  [133].	  	  
Yet	  another	  strategy	  for	  SMN	  stabilization	  is	  the	  induction	  of	  a	  readthrough	  
event.	  Aminoglycosides	  are	  a	  class	  of	  drugs	  that	  have	  been	  shown	  to	  induce	  
readthrough	  events	  by	  suppressing	  codon	  recognition.	  These	  drugs	  have	  been	  shown	  to	  
increase	  the	  length	  of	  the	  SMNΔ7	  C-­‐terminus,	  reading	  through	  the	  first	  stop	  codon	  in	  
exon	  8	  and	  incorporating	  an	  additional	  five	  amino	  acids	  [134-­‐137].	  This	  C-­‐terminal	  
extension	  is	  believed	  to	  confer	  increased	  stability	  to	  the	  SMNΔ7	  mRNA	  and	  
subsequently	  generated	  protein.	  Treating	  primary	  fibroblasts	  from	  SMA	  patients	  or	  SMA	  
iPS-­‐derived	  neuronal	  cultures	  with	  aminoglycosides	  has	  been	  shown	  to	  increase	  SMN	  
protein	  levels	  [134,137,138].	  In	  vivo,	  the	  aminoglycosides	  G418	  and	  TC007	  have	  been	  
shown	  to	  improve	  gross	  motor	  function	  and	  improve	  some	  molecular	  pathologies	  
[134,139].	  	  Additionally,	  when	  delivered	  into	  the	  central	  nervous	  system,	  TC007	  extends	  
survival	  of	  the	  SMNΔ7	  mouse	  model	  by	  approximately	  30%	  [140].	  
SMN	  Independent	  Therapies	  
In	  addition	  to	  therapeutics	  designed	  to	  target	  SMN,	  many	  SMN-­‐independent	  
targets	  have	  been	  explored	  for	  their	  use	  as	  therapeutics.	  One	  of	  the	  most	  promising	  
therapeutics	  studied,	  Y-­‐27632,	  targets	  the	  signaling	  pathway	  of	  active	  RhoA	  by	  inhibiting	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Rho-­‐Kinase	  (ROCK),	  a	  direct	  downstream	  effector	  of	  RhoA-­‐GTP	  [141,142].	  Y-­‐27632	  is	  
known	  to	  alter	  actin	  dynamics	  without	  altering	  SMN	  levels.	  In	  vitro,	  Y-­‐27632	  partially	  
rescued	  neuronal	  differentiation	  defects	  seen	  in	  SMN-­‐depleted	  PC12	  cells	  [143].	  In	  vivo,	  
when	  the	  Y-­‐27632	  compound	  wass	  administered	  to	  the	  SMN2B/-­‐	  	  mouse	  model,	  survival	  
was	  extended	  from	  3-­‐4	  weeks	  to	  14-­‐33	  weeks	  [51].	  While	  their	  survival	  was	  dramatically	  
improved,	  these	  animals	  failed	  to	  gain	  weight	  compared	  to	  untreated	  animals.	  However,	  
they	  did	  display	  improvements	  in	  the	  cellular	  phenotypes	  of	  the	  neuromuscular	  junction	  
(NMJ)	  and	  muscle.	  Another	  ROCK	  inhibitor,	  Fasudil,	  was	  able	  to	  significantly	  extend	  the	  
survival	  of	  SMN2B/-­‐	  mice	  with	  57%	  of	  treated	  animals	  surviving	  more	  than	  300	  days.	  
Significant	  improvements	  in	  NMJ	  and	  muscle	  phenotypes	  were	  also	  observed	  [144].	  
	   Other	  SMN-­‐independent	  approaches	  have	  focused	  on	  muscle	  enhancement.	  It	  is	  
unlikely	  that	  muscle	  enhancement	  alone	  will	  be	  able	  to	  improve	  the	  SMA	  phenotype	  as	  
transgenic	  mouse	  work	  expressing	  SMN	  solely	  in	  skeletal	  muscle	  causes	  no	  phenotypic	  
benefit	  [145].	  However,	  it	  remains	  possible	  that	  muscle	  enhancement	  could	  serve	  as	  a	  
synergistic	  therapy,	  enhancing	  the	  phenotypic	  improvement	  seen	  with	  other	  
therapeutics.	  The	  myostatin	  and	  follistatin	  pathway,	  involved	  in	  regulation	  of	  muscle	  
growth,	  has	  been	  examined	  for	  its	  utility	  as	  therapeutic	  targets.	  Delivery	  of	  recombinant	  
follistatin	  has	  been	  shown	  to	  modestly	  extend	  survival	  in	  the	  SMNΔ7	  mouse	  [146].	  
However,	  transgenic	  overexpression	  of	  follistatin	  had	  no	  effect	  on	  the	  same	  model	  
[147].	  Transgenic	  overexpression	  of	  Insulin-­‐like	  growth	  factor	  1	  (IGF-­‐1),	  which	  stimulates	  
myoblast	  proliferation,	  induces	  myogenic	  differentiation,	  and	  generates	  myocyte	  
hypertrophy,	  increased	  the	  survival	  of	  SMNΔ7	  mice	  by	  40%.	  [148].	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Questions	  Addressed	  in	  the	  Following	  Chapters	  
The	  work	  outlined	  in	  the	  following	  chapters	  was	  done	  with	  the	  intent	  of	  
answering	  outstanding	  questions	  regarding	  the	  development,	  delivery,	  and	  
administration	  of	  scAAV9-­‐SMN.	  Additionally,	  this	  work	  seeks	  to	  answer	  clinically	  
relevant	  questions	  about	  the	  temporal	  and	  spatial	  requirements	  of	  SMN	  protein.	  In	  an	  
attempt	  to	  orientate	  the	  reader,	  the	  primary	  question	  each	  chapter	  addresses	  is	  
outlined	  below:	  
Chapter	  2	  
How	  can	  AAV	  and	  other	  therapeutics	  be	  delivered	  to	  neonatal	  mice?	  This	  
chapter	  describes	  the	  development	  and	  optimization	  of	  two	  injection	  techniques.	  
Chapter	  3	  
When	  using	  the	  same	  dose	  of	  scAAV9-­‐SMN,	  what	  is	  the	  most	  efficacious	  route	  of	  
delivery?	  This	  chapter	  compares	  the	  two	  routes	  of	  injection	  described	  in	  chapter	  2.	  
Chapter	  4	  	  
Can	  scAAV9-­‐SMN	  be	  delivered	  to	  pups	  after	  the	  onset	  of	  disease	  symptoms	  and	  
still	  provide	  a	  phenotypic	  benefit?	  Previous	  work	  has	  shown	  that	  pre-­‐symptomatic,	  day	  
2	  delivery	  is	  efficacious.	  This	  chapter	  utilizes	  the	  severe	  model,	  in	  which	  pups	  are	  born	  
with	  disease	  symptoms	  to	  investigate	  viral	  delivery	  after	  the	  onset	  of	  symptoms.	  	  
Chapter	  5	  
	  	   What	  is	  the	  therapeutic	  window	  of	  the	  SMNΔ7	  model?	  This	  chapter	  examines	  
the	  temporal	  requirements	  of	  SMN	  protein	  by	  delivering	  scAAV9-­‐SMN	  at	  varying	  time	  
points	  in	  neonatal	  development.	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Chapter	  6	  	  
Is	  restoration	  of	  SMN	  to	  EMX-­‐1	  expressing	  cortical	  neurons	  sufficient	  to	  improve	  
the	  phenotype	  of	  the	  SMNΔ7	  model?	  This	  chapter	  focuses	  on	  the	  spatial	  requirements	  
of	  SMN	  in	  upper	  motor	  neurons	  (Emx-­‐1	  expressing	  cortical)	  which	  synapse	  onto	  lower	  
motor	  neurons,	  the	  primary	  cell	  type	  affected	  in	  SMA.	  
Chapter	  7	  
What	  genes/mutant	  forms	  of	  SMN	  are	  able	  to	  modify	  disease	  progression?	  In	  
this	  chapter,	  scAAV9	  is	  used	  to	  deliver	  potential	  modifying	  genes	  and	  mutant	  forms	  of	  
SMN	  to	  the	  SMN2B/-­‐	  	  mouse	  model,	  an	  intermediate	  SMA	  model.	  	  	  
Chapter	  8	  
	   The	  concluding	  chapter	  outlines	  some	  of	  the	  potential	  challenges	  of	  moving	  
AAV-­‐mediated	  SMN1	  gene	  replacement	  from	  the	  laboratory	  to	  the	  clinic.	  As	  well	  as	  
addressing	  these	  challenges,	  this	  chapter	  summarizes	  and	  contextualizes	  the	  work	  
presented	  in	  the	  previous	  chapters.	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CHAPTER	  TWO:	  	  DELIVERY	  OF	  THERAPEUTIC	  AGENTS	  THROUGH	  
INTRACEREBROVENTRICULAR	  (ICV)	  AND	  INTRAVENOUS	  (IV)	  INJECTION	  IN	  MICE	  
	  
This	  work	  has	  been	  published	  in	  the	  Journal	  of	  Visualized	  Experiments	  [149]	  and	  
reprinted	  with	  permission.	  
Abstract	  
Despite	  the	  protective	  role	  that	  blood	  brain	  barrier	  plays	  in	  shielding	  the	  brain,	  it	  
limits	  the	  access	  to	  the	  central	  nervous	  system	  (CNS)	  which	  most	  often	  results	  in	  failure	  
of	  potential	  therapeutics	  designed	  for	  neurodegenerative	  disorders.	  Neurodegenerative	  
diseases	  such	  as	  Spinal	  Muscular	  Atrophy	  (SMA),	  in	  which	  the	  lower	  motor	  neurons	  are	  
affected,	  can	  benefit	  greatly	  from	  introducing	  the	  therapeutic	  agents	  into	  the	  CNS.	  The	  
purpose	  of	  this	  video	  is	  to	  demonstrate	  two	  different	  injection	  paradigms	  to	  deliver	  
therapeutic	  materials	  into	  neonatal	  mice	  soon	  after	  birth.	  One	  of	  these	  methods	  is	  
injecting	  directly	  into	  cerebral	  lateral	  ventricles	  (intracerebroventricular)	  which	  results	  
in	  delivery	  of	  materials	  into	  the	  CNS	  through	  the	  cerebrospinal	  fluid.	  The	  second	  
method	  is	  a	  temporal	  vein	  injection	  (intravenous)	  that	  can	  introduce	  different	  
therapeutics	  into	  the	  circulatory	  system,	  leading	  to	  systemic	  delivery	  including	  the	  CNS.	  
Widespread	  transduction	  of	  the	  CNS	  is	  achievable	  if	  an	  appropriate	  viral	  vector	  and	  viral	  
serotype	  is	  utilized.	  Visualization	  and	  utilization	  of	  the	  temporal	  vein	  for	  injection	  is	  
feasible	  up	  to	  postnatal	  day	  6	  (P6).	  However,	  if	  the	  delivered	  material	  is	  intended	  to	  
reach	  the	  CNS,	  these	  injections	  should	  take	  place	  while	  the	  blood	  brain	  barrier	  is	  more	  
permeable	  due	  to	  its	  immature	  status,	  preferably	  prior	  to	  P2.	  The	  fully	  developed	  blood	  
brain	  barrier	  greatly	  limits	  the	  effectiveness	  of	  intravenous	  delivery.	  Both	  delivery	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systems	  are	  simple	  and	  effective	  once	  the	  surgical	  aptitude	  is	  achieved.	  They	  do	  not	  
require	  any	  extensive	  surgical	  devices	  and	  can	  be	  performed	  by	  a	  single	  person.	  
However,	  these	  techniques	  are	  not	  without	  challenges.	  The	  small	  size	  of	  postnatal	  day	  2	  
pups	  and	  the	  subsequent	  small	  target	  areas	  can	  make	  the	  injections	  difficult	  to	  perform	  
and	  initially	  challenging	  to	  replicate.	  
Materials	  
See	  table	  2.1	  
Protocol	  	  
Intracerebroventricular	  Injection	  
1. Prepare	  the	  injection	  stock	  solutions	  (i.e.	  viral	  vector,	  plasmid	  DNA,	  drug)	  under	  
sterile	  conditions	  in	  a	  small	  tube.	  	  
2. Mix	  the	  desired	  volume	  of	  injectate	  (5-­‐7	  μL	  total)	  with	  0.05%	  w/v	  trypan	  blue	  in	  
PBS	  in	  order	  to	  visualize	  the	  injection.	  
3. Immobilize	  the	  P2	  neonates	  via	  cryo-­‐anesthesia	  for	  1-­‐2	  minutes.	  
4. The	  needle	  used	  for	  this	  injection	  is	  a	  micro-­‐liter	  calibrated	  sterilized	  glass	  
micropipette	  attached	  to	  a	  3	  mL	  Hamilton	  syringe	  via	  long	  tubing.	  
5. Break	  the	  tip	  of	  the	  needle	  (with	  spatula)	  to	  adjust	  for	  2	  mm	  penetration	  into	  the	  
skull.	  Place	  the	  needle	  diagonally	  in	  the	  small	  tube	  containing	  the	  injection	  
solution.	  Load	  the	  injectate	  solution	  into	  the	  needle	  by	  carefully	  pulling	  the	  
plunger	  of	  the	  syringe.	  	  
6. After	  uptake	  of	  the	  solution,	  disassociate	  the	  syringe	  from	  the	  tube.	  Then,	  pull	  
the	  plunger	  up	  further	  and	  reattach	  the	  needle.	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7. Hold	  the	  needle	  in	  the	  dominant	  hand	  between	  the	  thumb	  and	  index	  fingers	  and	  
place	  the	  syringe	  between	  the	  middle	  and	  ring	  fingers	  with	  the	  plunger	  touching	  
the	  palm	  of	  the	  right	  hand.	  
8. Grasp	  the	  immobilized	  mouse	  firmly	  by	  the	  skin	  behind	  the	  head	  using	  the	  non-­‐
dominant	  hand.	  Place	  mouse	  on	  a	  fiber-­‐optic	  light	  to	  illuminate	  relevant	  
anatomical	  structures	  that	  can	  be	  used	  as	  a	  guide.	  
9. Insert	  the	  needle	  2	  mm	  deep,	  perpendicular	  to	  the	  skull	  surface,	  at	  a	  location	  
approximately	  0.25	  mm	  lateral	  to	  the	  sagittal	  suture	  and	  0.50–0.75	  mm	  rostral	  
to	  the	  neonatal	  coronal	  suture	  (Figure	  2.1A).	  Push	  the	  plunger	  using	  the	  palm	  of	  
the	  right	  hand	  very	  slowly	  and	  carefully.	  Monitor	  for	  ruptured	  vessels	  or	  facial	  
swelling.	  
10. Remove	  the	  needle	  15	  seconds	  after	  expulsion	  of	  injectate	  and	  discontinuation	  
of	  plunger	  movement	  to	  prevent	  backflow.	  
11. Keep	  the	  mice	  in	  a	  warmed	  container	  for	  5–10	  minutes	  until	  movement	  and	  
general	  responsiveness	  is	  restored.	  	  
Intravenous	  Injection	  via	  the	  Temporal/Facial	  vein	  
1. The	  solution	  to	  be	  injected	  should	  be	  prepared	  and	  supplemented	  with	  filtered	  
green	  food	  dye	  at	  1:100	  dilution	  and	  injected	  under	  sterile	  conditions.	  
2. Attach	  a	  small	  plastic	  luer	  to	  the	  end	  of	  a	  100	  μL	  glass	  Hamilton	  syringe.	  To	  the	  
luer,	  attach	  a	  33	  gauge,	  0.25	  inch	  hypodermic	  needle.	  Insure	  that	  all	  parts	  are	  
securely	  connected.	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3. Load	  the	  syringe	  with	  the	  volume	  to	  be	  injected,	  ensuring	  that	  there	  is	  no	  air	  in	  
the	  syringe	  as	  injection	  of	  air	  into	  the	  vessel	  is	  lethal.	  It	  is	  often	  helpful	  to	  pipet	  
the	  volume	  to	  be	  injected	  unto	  a	  piece	  of	  parafilm.	  This	  allows	  for	  the	  clear	  
visualization	  of	  uptake	  of	  the	  solution	  into	  the	  syringe.	  	  
4. A	  Wee	  Sight	  Transilluminator	  is	  used	  to	  easily	  visualize	  the	  superficial	  temporal	  
vein,	  or	  facial	  vein,	  in	  the	  neonate	  (Figure	  2.2A).	  Before	  injection,	  secure	  the	  
neonate	  to	  the	  transilluminator	  using	  surgical	  tape.	  Gauze	  should	  be	  placed	  
between	  the	  neonate	  and	  the	  tape	  to	  prevent	  the	  tape	  from	  damaging	  the	  skin	  
of	  the	  animal.	  Secure	  the	  animal	  to	  the	  transilluminator	  on	  its	  side,	  ensuring	  that	  
the	  tape	  does	  not	  prevent	  respiration.	  The	  neonate’s	  neck	  should	  be	  gently	  
turned	  so	  that	  the	  facial	  vein	  is	  easily	  visible	  and	  the	  nose	  should	  be	  taped	  to	  
stabilize	  the	  head.	  	  
5. Using	  a	  2.25X	  headband	  magnifier	  to	  allow	  for	  easier	  visualization,	  slowly	  insert	  
the	  needle	  into	  the	  vein.	  The	  vein	  is	  very	  superficial	  so	  the	  needle	  should	  remain	  
visible	  beneath	  the	  skin.	  	  
6. Slowly	  infuse	  the	  volume	  of	  solution	  into	  the	  vein.	  The	  green	  dye	  allows	  for	  easy	  
visualization	  of	  the	  injection.	  	  
7. Wait	  15	  seconds	  before	  removing	  the	  needle	  as	  there	  is	  a	  lag	  between	  fully	  
depressing	  the	  plunger	  of	  the	  syringe	  and	  the	  expulsion	  of	  the	  remaining	  
solution	  due	  to	  the	  extremely	  narrow	  needle	  bore.	  	  
8. After	  removing	  the	  needle,	  use	  gauze	  to	  apply	  pressure	  to	  the	  injection	  site	  until	  
the	  bleeding	  ceases.	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9. Monitor	  the	  neonate	  for	  signs	  of	  distress.	  After	  a	  proper	  injection,	  no	  overt	  
distress	  should	  be	  observed.	  The	  neonate	  should	  be	  given	  approximately	  5	  
minutes	  to	  recover	  before	  it	  is	  returned	  to	  the	  cage.	  
10. Flush	  the	  needle/syringe	  unit	  with	  PBS	  in	  between	  injections	  as	  blood	  in	  the	  
needle	  will	  quickly	  clog	  it	  due	  to	  the	  small	  bore.	  	  
Results	  
ICV	  Injection	  
	  The	  brain	  can	  be	  harvested	  at	  different	  time	  points	  post-­‐injection	  and	  visualized	  
to	  validate	  successful	  injection	  technique.	  If	  the	  dye	  is	  not	  added	  to	  the	  injection	  
solution,	  it	  will	  be	  difficult	  to	  check	  for	  the	  accuracy	  of	  the	  injection.	  Proper	  injection	  
into	  one	  of	  the	  ventricles	  will	  result	  in	  distribution	  of	  the	  trypan	  blue	  on	  the	  injected	  
side	  of	  the	  brain	  approximately	  10-­‐15	  minutes	  post-­‐injection	  (Figure	  2.1B).	  A	  uniform	  
distribution	  of	  trypan	  blue	  in	  both	  right	  and	  left	  cerebral	  hemispheres	  and	  olfactory	  
bulbs	  will	  be	  visible	  approximately	  60	  minutes	  post	  injection	  (Figure	  2.1C).	  This	  is	  due	  to	  
connectivity	  of	  the	  cerebral	  ventricles	  that	  will	  permit	  the	  dissemination	  of	  the	  blue	  dye	  
to	  the	  adjacent	  ventricle.	  Accurate	  injections	  can	  also	  be	  visualized	  by	  dispersal	  of	  the	  
blue	  dye	  in	  the	  rostral	  central	  spinal	  canal	  approximately	  12	  hours	  post-­‐injection	  (Figure	  
2.1D).	  Inaccurate	  injections	  can	  be	  distinguished	  by	  lack	  of	  blue	  color	  in	  cerebral	  
hemispheres.	  In	  this	  case,	  the	  depth	  of	  the	  needle	  was	  not	  sufficient	  and	  the	  injection	  
solution	  has	  probably	  distributed	  under	  the	  skin.	  An	  alternative	  possibility	  is	  that	  the	  
needle	  penetrated	  too	  deep	  in	  the	  brain,	  thereby	  passing	  beyond	  the	  ventricle	  and	  the	  
solution	  was	  emptied	  underneath	  the	  cerebral	  ventricles.	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Figure	  2.1	  Demonstration	  of	  successful	  ICV	  injections	  in	  P2	  mice.	  (A)	  Schematic	  of	  
injection	  sites	  utilized	  in	  ICV	  injections	  (B)	  Brain	  from	  pup	  injected	  ICV	  with	  trypan	  blue	  
in	  PBS	  into	  left	  ventricle,	  photo	  taken	  15	  minutes	  post	  injection.	  (C)	  Brain	  from	  pup	  
injected	  ICV	  with	  trypan	  blue	  in	  PBS	  into	  left	  ventricle,	  photo	  taken	  60	  minutes	  post	  
injection.	  (D)	  Rostral	  central	  spinal	  canal	  from	  pup	  injected	  ICV	  with	  trypan	  blue	  in	  PBS,	  
photo	  taken	  12	  hours	  post	  injection.	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Figure	  2.2	  Demonstration	  of	  successful	  IV	  injection	  in	  P2	  mice.	  (A)	  Schematic	  of	  facial	  
vein	  utilized	  for	  IV	  injections.	  (B)	  Pup	  injected	  IV	  with	  green	  dye	  in	  PBS	  compared	  to	  
non-­‐injected	  littermate,	  photo	  taken	  immediately	  post	  injection.	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IV	  Injection	  	  
Accurate	  and	  efficient	  temporal/facial	  vein	  injection	  can	  be	  visualized	  
immediately	  following	  the	  injection.	  As	  the	  solution	  is	  injected,	  the	  green	  dye	  allows	  for	  
the	  visualization	  of	  the	  solution	  entering	  and	  flowing	  through	  the	  facial	  vein	  (Figure	  
2.2A).	  Additionally,	  altered	  skin	  color	  of	  the	  mouse	  will	  be	  observed	  following	  injection.	  
The	  neonate’s	  normal	  pink	  color	  is	  converted	  to	  green,	  due	  to	  presence	  of	  green	  food	  
dye	  in	  the	  injection	  solution	  (Figure	  2.2B).	  The	  extent	  of	  the	  green	  color	  change	  
observed	  in	  the	  neonate	  is	  dependent	  upon	  the	  concentration	  of	  dye	  used.	  For	  simple	  
visualization	  of	  injection	  and	  during	  a	  practice	  period,	  a	  1:50	  dilution	  is	  recommended.	  
However,	  the	  dramatically	  altered	  skin	  tone	  often	  results	  in	  the	  pup	  being	  rejected	  by	  
the	  mother	  and	  therefore,	  removal	  of	  the	  dye	  or	  a	  significantly	  reduced	  concentration	  
should	  be	  considered	  during	  experimental	  procedures.	  An	  inaccurate	  injection	  will	  
result	  in	  the	  accumulation	  of	  green	  dye	  under	  the	  skin	  at	  the	  site	  of	  the	  injection.	  
Incomplete	  injection,	  which	  occurs	  when	  the	  opening	  of	  the	  needle	  is	  not	  fully	  inserted	  
within	  the	  vein,	  is	  seen	  when	  some	  solution	  flows	  in	  the	  vein	  and	  some	  accumulates	  
under	  the	  skin.	  If	  this	  is	  observed,	  the	  needle	  should	  be	  inserted	  further	  into	  the	  vessel.	  	  
Discussion	  
Research	  using	  mouse	  models	  of	  disease	  often	  requires	  the	  administration	  of	  
drugs	  or	  other	  substances	  to	  neonates.	  In	  this	  video,	  we	  demonstrate	  the	  step-­‐by	  step	  
procedures	  involving	  two	  types	  of	  injection	  strategies	  that	  can	  be	  used	  to	  target	  the	  
CNS:	  1)	  direct	  injection	  into	  the	  CNS	  utilizing	  intracerebroventricular	  (ICV)	  injection;	  or	  
2)	  IV	  injection	  targeting	  the	  temporal/facial	  vein.	  The	  timing	  of	  these	  injections	  is	  of	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great	  importance.	  Since	  the	  ICV	  injections	  are	  freehand,	  the	  skull	  must	  be	  relatively	  
malleable.	  This	  type	  of	  injection	  is	  only	  possible	  through	  the	  first	  week	  of	  life	  and	  
becomes	  increasingly	  more	  challenging	  and	  detrimental	  to	  the	  animals	  as	  they	  age.	  
However,	  the	  primary	  benefit	  is	  that	  direct	  delivery	  to	  the	  CNS	  is	  achieved,	  effectively	  
bypassing	  the	  blood	  brain	  barrier.	  Therefore,	  if	  an	  investigator	  is	  developing	  CNS	  
therapeutics,	  it	  is	  possible	  to	  analyze	  compounds	  that	  are	  not	  fully	  optimized	  for	  drug-­‐
like	  properties	  such	  as	  blood	  brain	  barrier	  permeability	  while	  allowing	  for	  compound	  
activity	  to	  be	  measured	  in	  disease-­‐relevant	  tissues.	  Use	  of	  the	  temporal	  vein	  during	  the	  
first	  few	  days	  of	  life	  has	  proven	  valuable	  as	  this	  is	  a	  relatively	  non-­‐invasive	  technique	  for	  
general	  systemic	  administration.	  At	  this	  developmental	  stage,	  no	  additional	  veins	  are	  
easily	  accessible,	  such	  as	  the	  tail	  vein	  which	  becomes	  more	  accessible	  during	  the	  second	  
week	  of	  life	  [150].	  Both	  injection	  techniques	  are	  safe	  and	  can	  be	  performed	  freehand,	  
with	  mice	  recovering	  shortly	  after	  injection	  without	  any	  detrimental	  side	  effects.	  Both	  
techniques	  are	  suitable	  for	  rapid	  injection	  of	  a	  group	  of	  animals	  in	  a	  short	  period	  of	  
time.	  They	  require	  proper	  visualization	  of	  the	  targeted	  area	  to	  ensure	  a	  successful	  
injection.	  This	  is	  provided	  by	  the	  transilluminator	  and	  magnifying	  headband	  in	  IV	  
injection	  and	  a	  fiber-­‐optic	  light	  in	  ICV	  injection	  (Table	  2.1).	  
One	  of	  the	  advantages	  of	  IV	  injection	  is	  that	  a	  larger	  volume	  (100	  µL)	  can	  be	  injected	  
with	  ˜90%	  success	  rate	  [151].	  Common	  problems	  encountered	  while	  learning	  the	  IV	  
technique	  include	  needle	  misplacement	  resulting	  in	  subcutaneous	  injections	  and/or	  
incomplete	  injections.	  These	  problems	  can	  be	  countered	  by	  ensuring	  the	  bevel	  of	  the	  
needle	  is	  thoroughly	  threaded	  through	  the	  vessel.	  The	  needle	  should	  be	  inserted	  into	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the	  vessel	  far	  enough	  that	  the	  bevel	  of	  the	  needle	  is	  completely	  surrounded	  by	  the	  
vessel.	  Additionally,	  the	  vessel	  is	  extremely	  superficial,	  thus	  the	  injector	  must	  ensure	  
that	  the	  needle	  is	  in	  the	  vessel	  and	  not	  beneath	  it.	  To	  check	  if	  the	  needle	  is	  in	  the	  vessel,	  
after	  placement	  the	  needle	  should	  be	  gently	  moved	  side	  to	  side.	  If	  the	  needle	  has	  
penetrated	  the	  vessel,	  the	  vessel	  will	  move	  along	  with	  the	  needle.	  If	  the	  vessel	  does	  not	  
move,	  the	  needle	  is	  not	  inserted	  properly.	  Performing	  this	  check	  before	  injection	  will	  
increase	  the	  number	  of	  successful	  injections.	  Neonatal	  delivery	  of	  AAV9	  vectors	  has	  
been	  recently	  utilized	  to	  successfully	  transduce	  a	  high	  percentage	  of	  motor	  neurons	  
using	  recombinant	  AAV	  vectors	  in	  SMA	  mice	  [90,102].	  
The	  most	  important	  consideration	  during	  the	  ICV	  injection	  involves	  the	  length	  of	  
the	  needle	  tip.	  The	  tip	  must	  be	  long	  enough	  such	  that	  it	  can	  penetrate	  at	  least	  2	  mm	  
into	  the	  skull.	  If	  the	  tip	  is	  not	  long	  enough,	  the	  needle	  will	  not	  be	  able	  to	  efficiently	  enter	  
into	  the	  ventricles.	  Alternatively,	  if	  the	  tip	  is	  too	  long,	  this	  hinders	  the	  uptake	  of	  the	  
solution	  to	  be	  injected	  and	  also	  creates	  a	  fragile	  tip	  that	  is	  difficult	  to	  guide	  correctly	  
through	  the	  skull.	  The	  angle	  of	  the	  needle	  when	  injecting	  is	  also	  important.	  To	  ensure	  
exact	  penetration	  into	  the	  ventricle	  hold	  the	  needle	  perpendicular	  to	  the	  skull	  with	  the	  
tip	  toward	  the	  sagittal	  suture.	  ICV	  injections	  have	  been	  utilized	  in	  numerous	  studies	  to	  
introduce	  compounds,	  drugs,	  therapeutic	  RNAs,	  plasmid	  DNAs,	  and	  viral	  vectors	  into	  the	  
CNS	  of	  the	  diseased	  mice	  models	  [111,126,129,140,152-­‐157].	  However,	  the	  limiting	  
factor	  in	  ICV	  injections	  is	  the	  small	  capacity	  of	  the	  cerebral	  ventricles	  in	  the	  neonate.	  
This	  small	  capacity	  may	  not	  allow	  for	  delivery	  of	  the	  desired	  volume	  of	  therapeutic	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agent.	  Therefore,	  the	  ability	  to	  reach	  therapeutic	  expression	  levels	  using	  a	  lower	  dose	  is	  
particularly	  important	  when	  utilizing	  ICV	  injections.	  
Video	  
The	  video	  portion	  of	  this	  chapter	  is	  available	  at:	  
http://www.jove.com/video/2968/delivery-­‐therapeutic-­‐agents-­‐through-­‐
intracerebroventricular-­‐icv	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Table	  2.1	  Materials	  needed	  to	  perform	  ICV	  and	  IV	  injections.	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CHAPTER	  THREE:	  	  DIRECT	  CENTRAL	  NERVOUS	  SYSTEM	  DELIVERY	  PROVIDES	  ENHANCED	  
PROTECTION	  FOLLOWING	  VECTOR	  MEDIATED	  GENE	  REPLACEMENT	  IN	  A	  SEVERE	  MODEL	  
OF	  SPINAL	  MUSCULAR	  ATROPHY	  
	  
This	  work	  has	  been	  published	  in	  Biochemical	  and	  Biophysical	  Research	  Communications	  
[112]	  and	  reprinted	  with	  permission.	  
Abstract	  
Recently	  gene	  replacement	  strategies	  have	  shown	  tremendous	  promise	  in	  
animal	  models	  of	  SMA.	  In	  this	  study,	  we	  used	  self-­‐complementary	  Adeno	  Associated	  
Virus	  (scAAV)	  expressing	  full-­‐length	  SMN	  cDNA	  to	  compare	  two	  different	  routes	  of	  viral	  
delivery	  in	  a	  severe	  SMA	  mouse	  model.	  This	  was	  accomplished	  by	  injecting	  scAAV9-­‐SMN	  
vector	  intravenously	  (IV)	  or	  intracerebroventricularly	  (ICV)	  into	  SMA	  mice.	  Both	  routes	  
of	  delivery	  resulted	  in	  a	  significant	  increase	  in	  lifespan	  and	  weight	  compared	  to	  
untreated	  mice	  with	  a	  subpopulation	  of	  mice	  surviving	  more	  than	  200	  days.	  However,	  
the	  ICV	  injected	  mice	  gained	  significantly	  more	  weight	  than	  their	  IV	  treated	  
counterparts.	  Likewise,	  survival	  analysis	  showed	  that	  ICV	  treated	  mice	  displayed	  fewer	  
early	  deaths	  than	  IV	  treated	  animals.	  Collectively,	  this	  report	  demonstrates	  that	  route	  of	  
delivery	  is	  a	  crucial	  component	  of	  gene	  therapy	  treatment	  for	  SMA.	  
Introduction	  
Because	  SMA	  is	  monogenic,	  vector-­‐based	  gene	  replacement	  of	  SMN1	  is	  an	  
attractive	  option	  for	  the	  treatment	  of	  SMA.	  Encouraging	  reports	  have	  been	  published	  
using	  a	  relatively	  severe	  model	  of	  SMA	  called	  SMNΔ7.	  These	  mice	  lack	  endogenous	  
mouse	  Smn,	  but	  express	  the	  human	  SMN2	  gene	  and	  the	  cDNA	  encoding	  the	  
alternatively	  spliced	  isoform	  produced	  by	  SMN2,	  SMNΔ7	  (Smn−/−;	  SMN2+/+;	  SMNΔ7+/+)	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[65].	  Untreated	  SMNΔ7	  animals	  live	  approximately	  14	  days	  with	  disease	  symptoms	  
becoming	  overtly	  apparent	  around	  day	  7	  [65].	  Delivery	  of	  full-­‐length	  SMN	  cDNA	  to	  
SMNΔ7	  neonates	  using	  scAAV8	  or	  scAAV9	  vectors	  resulted	  in	  significant	  extensions	  in	  
survival	  ranging	  from	  an	  average	  of	  60–200+	  days	  [102,109-­‐111],	  with	  some	  treated	  
mice	  displaying	  a	  full	  rescue	  in	  terms	  of	  lifespan	  and	  motor	  function.	  However,	  it	  
remains	  unclear	  whether	  the	  different	  injection	  paradigms	  or	  the	  vector	  serotype	  was	  
the	  primary	  cause	  for	  the	  differences	  in	  the	  degree	  of	  phenotypic	  rescue.	  
In	  this	  report	  we	  utilized	  a	  scAAV9-­‐SMN	  vector	  and	  examined	  two	  routes	  of	  
injection	  in	  neonatal	  SMNΔ7	  mice	  [149].	  Pups	  received	  injections	  of	  2	  ×	  1010	  viral	  
genomes	  via	  the	  facial	  vein	  (IV)	  or	  directly	  into	  the	  brain	  ventricles	  (ICV)	  on	  postnatal	  
day	  2	  (P2).	  We	  demonstrate	  that	  at	  this	  relatively	  low	  viral	  titer,	  animals	  receiving	  ICV	  
injections	  gained	  significantly	  more	  weight	  and	  lived	  longer	  than	  animals	  receiving	  IV	  
injections.	  As	  expected,	  animals	  receiving	  ICV	  injections	  also	  had	  higher	  SMN	  protein	  
levels	  in	  the	  brain	  and	  lumbar	  spinal	  cord	  as	  compared	  to	  IV	  injected	  animals.	  From	  
these	  results,	  we	  conclude	  that	  the	  route	  of	  injection	  for	  scAAV9-­‐SMN	  has	  a	  significant	  
impact	  upon	  the	  degree	  of	  phenotypic	  rescue	  and	  sheds	  light	  upon	  the	  development	  of	  
disease	  and	  potential	  therapeutic	  implications.	  
Materials	  and	  Methods	  
	  Genotyping	  and	  Mouse	  Handling	  
Animals	  were	  handled	  according	  to	  the	  University	  of	  Missouri	  Animal	  Care	  and	  
Use	  Committee	  approved	  protocols.	  Mice	  heterozygous	  for	  mSmn	  (Smn+/−;	  SMN2+/+;	  
SMNΔ7+/+)	  were	  interbred	  to	  generate	  experimental	  SMA	  cohorts	  (Smn−/−;	  SMN2+/+;	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SMNΔ7+/+).	  The	  day	  of	  birth	  was	  counted	  as	  P1	  and	  the	  neonates	  were	  genotyped	  within	  
24	  h.	  Animals	  were	  genotyped	  using	  PCR	  conditions	  as	  previously	  described	  [155].	  SMA	  
mice	  were	  raised	  with	  two	  heterozygous	  siblings.	  Additional	  heterozygous	  and	  wild-­‐type	  
animals	  were	  culled	  at	  the	  time	  of	  injection	  in	  experimental	  cages	  to	  control	  for	  litter	  
size.	  
Tissue	  Collection	  
Dissections	  were	  done	  as	  follows:	  the	  vertebral	  column	  was	  separated	  from	  the	  
torso,	  then	  the	  spinal	  cord	  was	  removed	  and	  divided	  into	  the	  cervical,	  thoracic,	  and	  
lumbar	  (C-­‐T-­‐L)	  regions.	  The	  C-­‐T-­‐L	  sections	  were	  immediately	  frozen.	  The	  brain	  was	  
removed	  from	  the	  skull	  and	  divided	  into	  four	  equal	  sections	  and	  each	  section	  was	  
immediately	  frozen.	  The	  hindlimbs	  of	  each	  animal	  were	  removed	  at	  the	  highest	  point	  
possible.	  The	  foot	  was	  bent	  at	  a	  90°	  to	  control	  for	  differences	  in	  muscle	  stretching	  and	  
the	  tissue	  was	  fixed	  in	  4%	  paraformaldehyde	  overnight.	  After	  fixation,	  the	  
gastrocnemius	  and	  tibialis	  anterior	  were	  removed	  from	  the	  bone,	  embedded	  in	  paraffin,	  
and	  cross	  sectioned.	  The	  sections	  were	  stained	  with	  hematoxylin	  and	  eosin	  stain	  for	  
muscle	  fiber	  size	  analysis.	  Quantification	  of	  fiber	  size	  was	  done	  as	  previously	  described	  
[121].	  
Western	  Blotting	  
Tissues	  were	  harvested	  at	  indicated	  times	  and	  analysis	  was	  performed	  as	  
previously	  described	  [138,157].	  Mouse	  monoclonal	  anti-­‐SMN	  (BDBiolabs),	  1:2000,	  and	  
anti-­‐IP90	  polyclonal	  rabbit	  antibody,	  1:2000,	  were	  used	  for	  SMN	  and	  calnexin	  detection,	  
respectively.	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Production	  of	  scAAV-­‐SMN	  Viral	  Vector	  
scAAV9-­‐SMN	  was	  produced	  via	  triple	  transfection	  in	  HEK293T	  cells	  using	  
polyethyleneimine	  as	  previously	  described	  [73].	  The	  scAAV	  plasmid	  expresses	  the	  SMN	  
full-­‐length	  cDNA	  (NCBI	  accession	  number	  NM_000344)	  under	  the	  control	  of	  the	  chicken	  
beta	  actin	  promoter.	  Forty	  eight	  hours	  post	  transfection,	  the	  cells	  were	  collected	  and	  
the	  vector	  was	  purified	  by	  two	  cesium	  chloride	  density	  gradient	  ultracentrifugation	  
steps	  and	  dialyzed	  against	  HEPES	  buffer	  (20	  mM	  HEPES,	  100	  mM	  NaCl).	  Viral	  particles	  
were	  titered	  by	  quantitative	  realtime	  PCR	  using	  SYBR	  green.	  
In	  Vivo	  Injections	  
Beginning	  on	  P2	  mSmn−/−;	  hSMN2+/+;	  SMNΔ7+/+	  mice	  were	  injected	  with	  2	  ×	  1010	  
viral	  particles	  of	  scAAV9-­‐SMN.	  Due	  to	  the	  volume	  restrictions	  of	  the	  ICV	  technique,	  a	  
series	  of	  three	  injections	  were	  given	  to	  obtain	  a	  titer	  of	  2	  ×	  1010.	  Animals	  chosen	  for	  ICV	  
injections	  were	  injected	  twice	  on	  P2	  (AM	  and	  PM)	  and	  once	  on	  P3	  (AM).	  Animals	  chosen	  
for	  IV	  injection	  received	  a	  single	  injection	  on	  P2.	  Injections	  were	  visualized	  for	  accuracy	  
by	  the	  additional	  of	  filter	  sterilized	  food	  dye.	  
Motor	  Function	  Analysis	  
Time	  to	  right	  was	  measured	  from	  P10	  to	  P18.	  Mice	  were	  placed	  on	  their	  backs	  
and	  given	  a	  maximum	  of	  30	  s	  to	  right	  themselves	  onto	  their	  paws.	  Failure	  to	  right	  within	  
30	  s	  was	  considered	  failure.	  Grip	  strength	  and	  rotarod	  tests	  were	  performed	  with	  mice	  
older	  than	  80	  days.	  The	  rotarod	  and	  grip	  strength	  assessments	  were	  done	  for	  20	  
consecutive	  days.	  The	  first	  10	  days	  served	  as	  an	  initiation	  and	  learning	  period	  for	  the	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animals	  and	  the	  last	  10	  days	  were	  used	  for	  analysis.	  Each	  individual	  mouse	  was	  given	  
three	  trials	  and	  the	  best	  trial	  was	  graphed.	  
Results	  
To	  determine	  if	  the	  route	  of	  injection	  significantly	  impacts	  the	  degree	  to	  which	  
the	  SMA	  phenotype	  is	  corrected	  in	  SMA	  mice	  following	  treatment	  with	  scAAV9-­‐SMN,	  
we	  performed	  a	  titration	  experiment	  to	  identify	  a	  relatively	  low	  concentration	  of	  vector	  
that	  still	  resulted	  in	  significant	  survival	  (data	  not	  shown).	  This	  concentration	  (2	  ×	  1010)	  as	  
opposed	  to	  a	  maximal	  dose	  was	  used	  in	  subsequent	  experiments	  since	  a	  lower	  
concentration	  was	  more	  likely	  to	  reveal	  differences	  regarding	  the	  ability	  to	  rescue	  the	  
SMA	  phenotype.	  SMNΔ7	  neonatal	  pups	  received	  IV	  or	  ICV	  injections	  with	  identical	  
concentrations	  of	  the	  self-­‐complementary	  AAV9	  vector	  expressing	  full-­‐length	  SMN	  
cDNA.	  SMN	  protein	  levels	  were	  examined	  at	  P7	  and	  P14	  in	  disease	  relevant	  tissues,	  
including	  brain	  and	  spinal	  cord,	  following	  scAAV9-­‐SMN	  delivery	  (Figure	  3.1).	  As	  
anticipated,	  following	  the	  ICV	  injection	  directly	  into	  the	  brain,	  SMN	  expression	  was	  
dramatically	  increased	  in	  the	  brain	  and	  spinal	  cord	  to	  levels	  comparable	  to	  unaffected	  
heterozygous	  animals	  (Figure	  3.1).	  IV	  injected	  animals	  expressed	  higher	  levels	  of	  SMN	  as	  
well,	  although	  not	  to	  the	  same	  extent	  as	  ICV	  injected	  tissues.	  To	  monitor	  the	  gross	  
phenotypic	  changes	  in	  treated	  mice,	  weight	  and	  survival	  were	  measured	  in	  each	  of	  the	  
treatment	  groups	  (Figure	  3.2).	  The	  ICV	  and	  IV	  treated	  animals	  gained	  significantly	  more	  
weight	  than	  untreated	  controls	  (Figure	  3.	  2A,B),	  gaining	  nearly	  2-­‐fold	  more	  weight	  from	  
P3	  to	  their	  peak	  weight.	  We	  also	  observed	  that	  IV	  treated	  animals	  experienced	  more	  
early	  deaths	  compared	  to	  ICV	  treated	  mice	  (Figure	  3.2C).	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Figure	  3.1	  Western	  blot	  showing	  protein	  expression	  is	  increased	  to	  near	  normal	  levels	  
following	  ICV	  treatment	  with	  scAAV9-­‐SMN,	  while	  IV	  treatment	  results	  in	  a	  more	  modest	  
increase.	  Western	  blots	  of	  (A)	  PND	  7	  and	  (B)	  PND14	  brain	  tissue.	  (C)	  PND7	  and	  (D)	  
PND14	  spinal	  cord.	  All	  tissues	  were	  collected	  on	  the	  respective	  days	  from	  animals	  
injected	  on	  PND2	  with	  2	  ×	  1010	  viral	  particles.	  Controls	  were	  untreated	  SMA	  (Smn−/−;	  
SMN2+/+;	  SMNΔ7+/+)	  and	  unaffected,	  heterozygous	  (het)	  animals	  (Smn+/−;	  SMN2+/+;	  
SMNΔ7+/+).	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Figure	  3.2	  scAAV-­‐SMN	  ICV	  treated	  animals	  gain	  significantly	  more	  weight	  and	  
experience	  fewer	  early	  deaths	  than	  IV	  treated	  SMA	  animals	  while	  both	  groups	  gain	  
significantly	  more	  weight	  and	  live	  longer	  than	  untreated	  SMA	  controls	  (Smn−/−;	  SMN2+/+;	  
SMNΔ7+/+).	  (A)	  Average	  weight,	  in	  grams,	  of	  animals	  at	  each	  day	  of	  life:	  untreated	  
(n	  =	  9),	  IV	  treated	  (n	  =	  6),	  ICV	  (n	  =	  4),	  and	  Het	  (n	  =	  24).	  Each	  treatment	  group	  is	  
significantly	  different	  from	  the	  others	  by	  one	  way	  ANOVA	  (p	  <	  0.0001).	  Tukey’s	  multiple	  
comparison	  test:	  Untreated	  vs.	  ICV	  p	  <	  0.001,	  Untreated	  vs.	  IV	  p	  <	  0.001	  and	  IV	  vs.	  ICV	  
p	  <	  0.001.	  (B)	  Percent	  body	  weight	  gained	  from	  PND3	  to	  peak	  weight	  of	  untreated,	  IV	  
treated,	  and	  ICV	  treated	  SMA	  animals:	  untreated	  =	  130.6%,	  IV	  treated	  =	  435.9%,	  and	  ICV	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treated	  =	  1011.7%.	  Unpaired	  two-­‐tailed	  student’s	  t	  test:	  untreated	  vs.	  ICV	  p	  <	  0.0001,	  
untreated	  vs.	  IV	  p	  =	  0.0157,	  and	  IV	  vs.	  ICV	  p	  =	  0.0085.	  (C)	  Kaplan–Meier	  survival	  curve	  of	  
untreated,	  IV	  treated,	  and	  ICV	  treated	  SMA	  animals.	  Log-­‐rank	  (Mantel–Cox)	  test:	  
untreated	  vs.	  IV	  p	  =	  0.0004,	  untreated	  vs.	  ICV	  p	  =	  0.0019,	  and	  IV	  vs.	  ICV	  p	  =	  0.3251.	  (D–
G)	  Representative	  images	  of	  treated	  SMA	  animals	  with	  both	  untreated	  SMA	  (Smn−/−;	  
SMN2+/+;	  SMNΔ7+/+)	  and	  unaffected	  controls	  (Smn+/−;	  SMN2+/+;	  SMNΔ7+/+).	  (D)	  PND14	  IV	  
treated	  with	  controls,	  (E)	  PND14	  IV	  treated	  with	  controls,	  (F)	  PND43	  IV	  treated	  with	  
unaffected	  littermate,	  and	  (G)	  PND63	  ICV	  treated.	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Not	  all	  phenotypic	  parameters,	  however,	  were	  different	  between	  ICV	  and	  IV	  
treatment	  groups.	  At	  early	  time	  points	  both	  treatment	  groups	  were	  visually	  
indistinguishable	  from	  unaffected	  controls	  (Figure	  3.2D–F).	  Later	  on	  despite	  the	  
differences	  in	  body	  weight	  and	  survival,	  animals	  in	  both	  treatment	  groups	  developed	  
mild	  ear	  and	  tail	  necrosis	  around	  50–60	  days	  of	  age	  (Figure	  3.2G),	  similar	  to	  previous	  
reports	  [102,121,158].	  However,	  the	  distal	  necrosis	  resolved	  shortly	  thereafter	  and	  did	  
not	  progress	  further.	  
Time-­‐to-­‐right	  is	  an	  established	  means	  to	  monitor	  gross	  mobility	  for	  SMA	  mice	  
[159].	  Therefore,	  SMA	  mice	  were	  subjected	  to	  a	  time-­‐to-­‐right	  assessment	  beginning	  on	  
P10.	  Interestingly,	  IV	  treated	  animals	  begin	  righting	  themselves	  at	  an	  earlier	  age	  than	  
ICV	  treated	  animals	  and	  a	  greater	  percentage	  of	  the	  IV	  treated	  animals	  as	  compared	  to	  
the	  ICV	  treated	  animals	  were	  able	  to	  right	  throughout	  P10	  to	  P18	  (Figure	  3.3A).	  
However,	  by	  P17	  ICV	  animals	  that	  did	  right,	  righted	  faster	  than	  IV	  treated	  animals	  
(Figure	  3.3B,C).	  Later	  in	  life,	  motor	  function	  and	  coordination	  in	  surviving	  animals	  was	  
measured	  by	  rotarod	  and	  grip	  strength	  tests.	  Both	  ICV	  and	  IV	  treated	  animals	  performed	  
as	  well	  as	  normal	  animals	  in	  the	  rotarod	  test	  (Figure	  3.3D)	  indicating	  that	  motor	  
coordination,	  as	  measured	  by	  this	  assay,	  is	  fully	  rescued	  regardless	  of	  the	  route	  of	  
injection.	  Grip	  strength	  analysis	  revealed	  that	  ICV	  treated	  animals	  have	  significantly	  
better	  forearm	  strength	  when	  compared	  to	  IV	  treated	  animals	  (Figure	  3.3E,F).	  Likewise,	  
ICV	  treated	  animals	  also	  have	  slightly	  larger	  muscle	  fibers	  (Figure	  3.4),	  perhaps	  
accounting	  for	  the	  difference	  in	  strength	  observed	  in	  the	  grip	  strength	  assays.	  As	  
expected	  based	  on	  their	  dramatic	  improvement	  in	  weight	  and	  survival,	  both	  IV	  and	  ICV	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treated	  animals	  have	  significantly	  improved	  tibalis	  anterior	  fiber	  size	  when	  compared	  to	  
untreated	  SMA	  controls	  (Figure	  3.4A–D).	  
Discussion	  
Recently,	  four	  reports	  have	  demonstrated	  that	  viral-­‐mediated	  gene	  replacement	  
in	  SMA	  can	  significantly	  rescue	  the	  SMNΔ7	  mouse	  model	  [102,109-­‐111].	  These	  reports	  
differ	  in	  the	  usage	  of	  a	  variety	  of	  parameters	  in	  their	  therapeutic	  approach	  including:	  
viral	  serotype,	  viral	  promoter,	  route	  of	  injection,	  and	  time	  of	  injection	  [102].	  Together	  
these	  studies	  represent	  the	  most	  profound	  improvement	  in	  phenotype	  and	  survival	  
seen	  in	  the	  SMNΔ7	  mouse	  model	  to	  date.	  However,	  without	  a	  direct	  comparison,	  it	  is	  
difficult	  to	  compare	  these	  studies	  in	  order	  to	  determine	  the	  most	  efficient	  and	  effective	  
course	  of	  treatment	  and	  to	  assess	  serotype	  and	  promoter	  activity	  that	  can	  profoundly	  
impact	  gene	  expression	  in	  AAV	  vectors	  [160,161].	  	  
This	  study	  was	  performed	  to	  directly	  compare	  the	  influence	  of	  the	  injection	  
route	  on	  the	  SMA	  phenotype.	  Here	  we	  chose	  to	  compare	  the	  two	  injection	  techniques	  
that	  have	  been	  used	  thus	  far	  in	  viral	  gene	  therapy	  treatment	  of	  SMA:	  ICV	  and	  IV	  
injections	  [102,109-­‐111].	  In	  doing	  so,	  we	  have	  found	  that	  route	  of	  injection	  makes	  a	  
dramatic	  difference	  in	  survival	  and	  mouse	  phenotype.	  ICV	  injections	  have	  proven	  to	  be	  
more	  effective	  in	  rescuing	  the	  SMNΔ7	  mouse.	  We	  propose	  that	  this	  is	  due	  to	  the	  direct	  
introduction	  of	  virus	  into	  the	  central	  nervous	  system	  (CNS)	  [149].	  Because	  SMA	  is	  
primarily	  a	  disease	  of	  the	  CNS,	  using	  ICV	  injections	  to	  physically	  overcome	  the	  blood–
brain	  barrier	  is	  advantageous.	  Conversely,	  systemically	  injected	  viral	  particles	  must	  cross	  
the	  blood–brain	  barrier	  before	  they	  are	  able	  to	  transduce	  motor	  neurons,	  reducing	  their	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Figure	  3.3	  ICV	  and	  IV	  scAAV9-­‐SMN	  treatment	  improves	  motor	  function	  in	  SMA	  animals	  
(Smn−/−;	  SMN2+/+;	  SMNΔ7+/+).	  (A)	  Percent	  of	  pups	  able	  to	  right	  themselves	  on	  PND10–
PND18.	  Time	  it	  took	  for	  each	  individual	  pup	  assessed	  to	  right	  on	  (B)	  PND14	  and	  (C)	  
PND17.	  (D)	  Rotorod	  performance	  and	  (E)	  Grip	  strength	  assessed	  for	  10	  consecutive	  
days.	  (F)	  Mean	  grip	  strength	  quantified	  from	  the	  10	  day	  course	  of	  assessment.	  (D–F)	  
Unaffected	  het	  controls	  (Smn+/−;	  SMN2+/+;	  SMNΔ7+/+)	  n	  =	  10,	  ICV	  treated	  n	  =	  2,	  and	  IV	  
treated	  n	  =	  2.	  All	  tested	  mice	  >80	  days	  of	  age.	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Figure	  3.4	  Treatment	  with	  scAAV9-­‐SMN	  results	  in	  increased	  muscle	  fiber	  size.	  (A–D)	  
Representative	  muscle	  cross	  sections	  taken	  at	  10×	  of	  an	  (A)	  unaffected	  het	  control	  
(Smn+/−;	  SMN2+/+;	  SMNΔ7+/+),	  (B)	  untreated	  SMA	  (Smn−/−;	  SMN2+/+;	  SMNΔ7+/+),	  (C)	  ICV	  
treated	  SMA	  animal,	  and	  (D)	  IV	  treated	  SMA	  animal.	  (E)	  Average	  tibialis	  anterior	  muscle	  
fiber	  size	  (in	  um2)	  at	  P14	  following	  treatment	  with	  2	  ×	  1010	  viral	  particles.	  Untreated	  
SMA	  n	  =	  5,	  Unaffected	  het	  n	  =	  8,	  IV	  treated	  n	  =	  8,	  and	  ICV	  treated	  n	  =	  5.	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efficiency	  and	  requiring	  more	  viral	  particles	  to	  achieve	  results	  similar	  to	  those	  of	  the	  ICV	  
injection.	  However,	  it	  is	  known	  that	  there	  is	  a	  need	  for	  SMN	  protein	  in	  the	  peripheral	  
organ	  systems,	  including,	  but	  not	  limited,	  to	  the	  heart	  [158,162,163].	  While	  IV	  injections	  
are	  able	  to	  meet	  this	  need	  directly,	  it	  is	  likely	  that	  some	  of	  the	  ICV	  injected	  vector	  is	  able	  
to	  escape	  the	  blood–brain	  barrier	  in	  the	  same	  fashion	  that	  the	  IV	  delivered	  vector	  is	  able	  
to	  penetrate	  it,	  especially	  within	  the	  context	  of	  SMA	  compromised	  neonatal	  animals.	  
Thus,	  ICV	  injections	  are	  able	  to	  meet	  the	  need	  for	  SMN	  protein	  in	  peripheral	  tissues,	  
while	  first	  meeting	  the	  primary	  need	  for	  SMN	  protein	  in	  the	  CNS,	  resulting	  in	  a	  more	  
complete	  phenotypic	  rescue.	  
When	  considering	  the	  clinical	  translation	  of	  these	  approaches,	  ICV	  injections,	  
while	  easily	  executed	  in	  mice,	  are	  difficult	  to	  perform	  in	  humans.	  However,	  intrathecal	  
injections,	  while	  still	  not	  as	  straightforward	  as	  IV	  administration,	  directly	  overcome	  the	  
blood–brain	  barrier	  and	  can	  be	  performed	  in	  safely	  in	  humans	  [164].	  Additionally,	  
intrathecal	  injections	  have	  recently	  been	  shown	  to	  result	  in	  efficient	  motor	  neuron	  
transduction	  when	  using	  AAV9	  [160].	  Thus,	  intrathecal	  delivery	  may	  prove	  to	  be	  a	  
desirable	  route	  of	  administration	  should	  AAV	  gene	  therapy	  for	  SMA	  reach	  clinical	  trials.	  
While	  the	  results	  of	  this	  study	  emphasize	  the	  importance	  of	  route	  of	  delivery	  when	  
examining	  gene	  therapy	  in	  the	  context	  of	  SMA,	  route	  of	  delivery	  is	  an	  important	  
component	  of	  any	  therapeutic.	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CHAPTER	  FOUR:	  	  DECREASING	  DISEASE	  SEVERITY	  IN	  SYMPTOMATIC,	  SMN−/−;SMN2+/+,	  
SPINAL	  MUSCULAR	  ATROPHY	  MICE	  FOLLOWING	  SCAAV9-­‐SMN	  DELIVERY	  
This	  work	  has	  been	  published	  in	  Human	  Gene	  Therapy	  [113]	  and	  reprinted	  with	  
permission.	  
Abstract	  
Recently,	  self-­‐complementary	  adeno-­‐associated	  virus	  (scAAV)	  vectors	  have	  been	  
used	  to	  deliver	  the	  SMN	  cDNA	  to	  an	  animal	  model	  of	  disease,	  the	  SMNΔ7	  mouse.	  In	  this	  
study,	  we	  examine	  a	  severe	  model	  of	  SMA,	  Smn–/–;SMN2+/+,	  to	  determine	  whether	  gene	  
replacement	  is	  viable	  in	  a	  model	  in	  which	  disease	  development	  begins	  in	  utero.	  Using	  
two	  delivery	  paradigms,	  intracerebroventricular	  injections	  and	  intravenous	  injections,	  
we	  delivered	  scAAV9-­‐SMN	  and	  demonstrated	  a	  two	  to	  four	  fold	  increase	  in	  survival,	  in	  
addition	  to	  improving	  many	  of	  the	  phenotypic	  parameters	  of	  the	  model.	  This	  represents	  
the	  longest	  extension	  in	  survival	  for	  this	  severe	  model	  for	  any	  therapeutic	  intervention	  
and	  suggests	  that	  postsymptomatic	  treatment	  of	  SMA	  may	  lead	  to	  significant	  
improvement	  of	  disease	  severity.	  
Introduction	  
A	  number	  of	  potential	  therapeutic	  strategies	  have	  recently	  emerged	  in	  the	  SMA	  
field,	  including	  oligonucleotides	  that	  redirect	  splice	  decisions,	  transcription	  modulating	  
small	  molecules	  such	  as	  histone	  deacetylase	  inhibitors,	  and	  gene	  replacement	  
[165,166].	  The	  most	  profound	  correction	  of	  the	  SMA	  phenotype	  was	  observed	  following	  
neonatal	  delivery	  of	  a	  self-­‐complementary	  adeno-­‐associated	  virus	  (scAAV)	  expressing	  
SMN	  cDNA,	  in	  which	  a	  single	  injection	  of	  scAAV-­‐SMN	  dramatically	  extended	  survival	  of	  
SMNΔ7	  mice,	  and	  was	  consistent	  with	  an	  improvement	  in	  motor	  function	  and	  increased	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numbers	  of	  motor	  neurons	  [102,109-­‐111].	  At	  birth,	  SMNΔ7	  mice	  are	  pre-­‐symptomatic,	  
with	  disease	  symptoms	  manifesting	  around	  P7	  [65].	  
In	  this	  report,	  we	  use	  a	  severe	  animal	  model	  of	  SMA	  referred	  to	  as	  the	  SMN2	  
model	  [64].	  In	  this	  model,	  the	  human	  SMN2	  gene	  has	  been	  added	  to	  a	  mouse	  Smn	  null	  
background	  (Smn–/–;SMN2+/+).	  These	  mice	  are	  born	  symptomatic,	  gain	  minimal	  body	  
weight,	  and	  live	  approximately	  4–6	  days.	  Recently,	  this	  model	  has	  been	  shown	  to	  exhibit	  
nonneuronal	  defects,	  including	  cardiac	  dysfunction	  and	  disrupted	  hippocampal	  
development	  [163,167].	  Due	  to	  the	  severity	  of	  the	  model,	  improving	  its	  phenotype	  via	  
therapeutics	  has	  proven	  to	  be	  difficult.	  To	  date,	  the	  best	  improvement	  in	  the	  SMN2	  
model	  has	  been	  modest	  increases	  in	  weight	  and	  survival	  [129,154].	  
We	  chose	  to	  use	  the	  SMN2	  model	  as	  a	  means	  to	  determine	  whether	  a	  
symptomatic	  model	  of	  disease	  could	  be	  completely	  rescued	  using	  scAAV9-­‐SMN.	  We	  
delivered	  scAAV9-­‐SMN	  at	  P1	  to	  SMA	  mice	  via	  intracerebroventricular	  (ICV)	  injections	  
and	  intravenous	  (IV)	  temporal	  vein	  injections.	  Serotype	  9	  was	  selected	  based	  on	  its	  
ability	  to	  transduce	  a	  variety	  of	  neuronal	  lineages,	  including	  motor	  neurons	  [89,90].	  In	  
both	  treatment	  groups,	  SMN	  protein	  levels	  were	  significantly	  increased	  in	  the	  brain	  and	  
spinal	  cord,	  and	  treated	  animals	  survived	  significantly	  longer	  than	  untreated	  SMA	  mice.	  
Additionally,	  ICV	  delivery	  of	  the	  vector	  resulted	  in	  a	  greater	  extension	  of	  life	  span	  
compared	  with	  SMA	  animals	  that	  received	  the	  same	  dose	  via	  IV	  injection.	  Collectively,	  
this	  study	  demonstrates	  the	  most	  profound	  improvement	  seen	  in	  the	  SMN2	  model	  and	  
illustrates	  that	  postsymptomatic	  treatment	  of	  SMA	  can	  significantly	  lessen	  disease	  
severity.	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Material	  and	  Methods	  
Genotyping	  and	  Mouse	  Handling	  	  
Animals	  were	  handled	  according	  to	  the	  University	  of	  Missouri	  Animal	  Care	  and	  
Use	  Committee	  approved	  protocols.	  Genotyping	  was	  performed	  as	  previously	  described	  
[129].	  SMA	  mice,	  both	  treated	  and	  untreated	  controls,	  were	  raised	  with	  two	  SMN	  
heterozygous	  siblings	  to	  control	  for	  litter	  size.	  
Tissue	  Collection	  	  
Dissections	  were	  as	  done	  as	  follows:	  The	  vertebral	  column	  was	  separated	  from	  
the	  torso,	  and	  the	  spinal	  cord	  was	  excised	  and	  immediately	  frozen	  in	  liquid	  nitrogen.	  
The	  brain	  was	  removed	  from	  the	  skull	  and	  divided	  into	  four	  equal	  sections,	  and	  each	  
section	  was	  immediately	  frozen.	  
Muscle	  Fiber	  Size	  Analysis	  	  
The	  hind	  limbs	  of	  each	  animal	  were	  removed	  at	  the	  highest	  point	  possible.	  The	  
foot	  was	  bent	  at	  a	  90°	  angle,	  and	  the	  tissue	  was	  fixed	  in	  4%	  paraformaldehyde	  overnight	  
at	  4°C	  to	  control	  for	  differences	  in	  muscle	  stretching.	  After	  sectioning,	  fibers	  were	  
stained	  with	  hematoxylin	  and	  eosin	  and	  quantitated	  as	  previously	  described	  [121].	  
Western	  Blotting	  	  
Spinal	  cord	  or	  brain	  tissues	  were	  harvested	  at	  P5	  from	  heterozygous	  or	  SMA	  
pups	  (either	  scAAV9-­‐SMN	  treated	  or	  untreated	  controls)	  and	  immediately	  frozen,	  as	  
described	  above.	  Westerns	  were	  quantitated	  using	  Fujifilm	  MultiGauge	  software.	  
Mouse	  monoclonal	  anti-­‐SMN	  antibody	  (BD	  Biolabs;	  1:2,000)	  and	  anti-­‐IP90	  polyclonal	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rabbit	  antibody	  (1:2,000)	  were	  used	  for	  SMN	  and	  calnexin	  detection,	  respectively	  
[138,157].	  
Production	  of	  the	  scAAV9-­‐SMN	  Virus	  	  
scAAV9-­‐SMN	  was	  produced	  via	  triple	  transfection	  in	  HEK	  293T	  cells	  using	  
polyethyleneimine	  prepared	  to	  a	  working	  concentration	  of	  1 mg/ml,	  pH	  5.0	  [73].	  The	  
scAAV	  plasmid	  was	  constructed	  to	  express	  the	  open	  reading	  frame	  of	  SMN1	  cDNA	  (NCBI	  
accession	  number	  NM_000344)	  under	  the	  control	  of	  the	  chicken	  β-­‐actin	  promoter.	  The	  
vector	  was	  purified	  by	  two	  cesium	  chloride	  density-­‐gradient	  ultracentrifugation	  steps	  
and	  dialyzed	  against	  HEPES	  buffer.	  Viral	  particles	  were	  titered	  by	  quantitative	  PCR	  using	  
SYBR	  Green.	  
In	  Vivo	  Injections	  	  
On	  P1,	  SMA	  (Smn–/–;SMN2+/+)	  mice	  were	  injected	  with	  2×1011	  viral	  particles	  of	  
scAAV9-­‐SMN.	  Due	  to	  the	  volume	  restrictions	  of	  the	  ICV	  technique,	  only	   7 μl	  can	  be	  
injected	  into	  the	  ventricle	  at	  one	  time;	  therefore,	  two	  injections	  were	  given	  to	  obtain	  a	  
titer	  of	  2×1011	  viral	  particles.	  Animals	  chosen	  for	  ICV	  injections	  were	  injected	  twice	  on	  
P1,	  with	  at	  least	  1 hr	  between	  injections.	  Animals	  chosen	  for	  IV	  injection	  received	  a	  
single	  injection	  on	  P1.	  Injections	  were	  visualized	  for	  accuracy	  by	  the	  addition	  of	  filter-­‐
sterilized	  green	  food	  dye.	  
Results	  
SMN	  Protein	  is	  Significantly	  Elevated	  in	  the	  CNS	  of	  ICV	  and	  IV	  Treated	  SMA	  Mice	  	  
To	  determine	  whether	  scAAV9-­‐SMN	  delivery	  is	  able	  to	  correct	  a	  severe	  model	  of	  
disease	  after	  the	  initiation	  of	  disease	  symptoms,	  we	  used	  the	  SMN2	  model	  (Smn–/–
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;SMN2+/+).	  These	  severe	  SMA	  mice	  are	  born	  symptomatic,	  having	  a	  marked	  decrease	  in	  
motor	  neurons	  and	  weighing	  less	  than	  wild-­‐type	  animals.	  The	  disease	  is	  so	  severe	  that	  
many	  of	  the	  SMA	  embryos	  are	  absorbed	  in	  utero	  [163].	  We	  began	  by	  administering	  
2×1011	  viral	  particles	  of	  scAAV-­‐SMN	  via	  ICV	  and	  IV	  temporal	  vein	  injections.	  Injections	  
were	  administered	  within	  24 hr	  of	  birth,	  and	  animals	  were	  weighed	  daily	  until	  death.	  
Because	  SMA	  is	  primarily	  a	  central	  nervous	  system	  (CNS)	  disease,	  increasing	  SMN	  
protein	  levels	  in	  the	  brain	  and	  spinal	  cord	  is	  desirable.	  To	  determine	  if	  ICV	  and	  IV	  
administration	  of	  scAAV9-­‐SMN	  increased	  SMN	  levels,	  we	  performed	  Western	  blots	  on	  
extracts	  derived	  from	  brain	  and	  spinal	  cord	  tissue	  of	  scAAV9-­‐SMN	  treated	  animals,	  
untreated	  controls,	  and	  unaffected	  animals.	  Initially,	  it	  was	  important	  to	  provide	  a	  
comparison	  with	  the	  untreated	  SMA	  animals;	  therefore,	  due	  to	  the	  short	  life	  span	  of	  this	  
model,	  we	  selected	  a	  relatively	  early	  time	  point,	  P5.	  As	  expected,	  SMN	  levels	  are	  very	  
low	  in	  untreated	  animals	  in	  both	  the	  brain	  and	  spinal	  cord	  extracts	  (Figure	  4.1).	  In	  each	  
of	  the	  brain	  and	  spinal	  cord	  extracts	  from	  ICV	  and	  IV	  treated	  animals,	  significantly	  higher	  
levels	  of	  total	  SMN	  protein	  were	  detected	  at	  P5	  compared	  with	  untreated	  controls.	  In	  
the	  brain	  (Figure	  4.1A),	  SMN	  protein	  expression	  in	  the	  heterozygous	  animals	  (Smn+/–
;SMN2+/+)	  was	  nearly	  five	  fold	  higher	  than	  that	  in	  untreated	  SMA	  animals	  (Smn–/–
;SMN2+/+),	  whereas	  ICV	  and	  IV	  treated	  SMA	  animals	  displayed	  a	  five	  fold	  increase	  over	  
untreated	  SMA	  controls.	  In	  the	  spinal	  cord,	  ICV	  and	  IV	  treated	  extracts	  contained	  nearly	  
six	  and	  four	  fold	  more	  SMN	  protein	  over	  untreated	  SMA	  levels,	  respectively.	  These	  
results	  demonstrate	  that	  the	  scAAV9-­‐SMN	  vector	  can	  be	  efficiently	  delivered	  and	  used	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Figure	  4.1	  SMN	  protein	  expression	  was	  increased	  to	  near-­‐normal	  levels	  following	  
treatment	  with	  scAAV9-­‐SMN.	  Western	  blots	  of	  (A)	  brain	  tissue	  and	  (B)	  spinal	  cord	  
collected	  from	  P5	  animals	  injected	  on	  P1	  with	  2×1011	  viral	  particles	  were	  performed.	  
Representative	  blots	  from	  at	  least	  three	  repeat	  experiments	  are	  shown.	  Controls	  were	  
untreated	  SMA	  (Smn–/–;SMN2+/+)	  and	  unaffected	  animals	  (Smn+/–;SMN2+/+).	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Figure	  4.2	  Treatment	  with	  scAAV9-­‐SMN	  resulted	  in	  increased	  muscle	  fiber	  size.	  (A)	  
Average	  tibialis	  anterior	  muscle	  fiber	  size	  (in	  μm2)	  at	  P5	  following	  treatment	  with	  2×1011	  
viral	  particles.	  An	  unpaired	  two-­‐tailed	  Student's	  t	  test	  showed	  a	  significant	  difference	  
between	  untreated	  SMA	  animals	  and	  unaffected	  animals	  (p=0.020)	  and	  unaffected	  
animals	  and	  IV	  treated	  animals	  (p=0.031).	  Representative	  muscle	  cross	  sections	  
(10×objective)	  of	  (B)	  ICV	  treated	  (n=2),	  (C)	  IV	  treated	  (n=4),	  (D)	  untreated	  SMA	  (Smn–/–
;SMN2+/+)	  (n=5),	  and	  (E)	  unaffected	  animals	  (Smn+/-­‐;SMN2+/+)	  (n=5)	  are	  shown.	  
A	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to	  express	  high	  levels	  of	  SMN	  in	  disease-­‐relevant	  tissues,	  even	  in	  the	  context	  of	  an	  
advanced	  symptomatic	  stage	  of	  disease.	  
Muscle	  Fiber	  Size	  is	  Moderately	  Increased	  in	  Treated	  Animals	  	  
To	  determine	  if	  the	  increase	  in	  SMN	  resulted	  in	  improved	  muscle	  morphology	  in	  
the	  treated	  animals,	  we	  harvested	  animals	  at	  P5	  to	  examine	  the	  average	  size	  of	  their	  
tibialis	  anterior	  muscle	  fibers.	  Although	  there	  is	  minimal	  improvement	  in	  IV	  treated	  
animals,	  ICV	  treated	  animals	  display	  a	  slight	  improvement	  in	  muscle	  fiber	  area	  (Figure	  
4.2A).	  From	  the	  muscle	  sections,	  we	  were	  able	  to	  see	  that	  the	  tibialis	  anterior	  muscle	  
was	  generally	  smaller	  in	  size	  in	  the	  untreated	  animals	  as	  compared	  with	  that	  in	  the	  
treated	  and	  unaffected	  animals	  (Figure	  4.2B–E).	  Despite	  the	  improvement	  in	  muscle	  
fiber	  size	  in	  the	  treated	  mice,	  gross	  motor	  function	  was	  not	  dramatically	  improved	  as	  
animals	  living	  past	  10	  days	  were	  able	  to	  walk	  only	  short	  distances	  before	  fatiguing	  (data	  
not	  shown).	  
scAAV9-­‐SMN	  Treated	  Animals	  Gain	  Significantly	  More	  Weight	  	  
Untreated	  SMA	  animals	  gain	  minimal	  body	  weight	  during	  their	  life	  span.	  They	  
are	  typically	  born	  at	   1.5 g	  and	  reach	  a	  maximum	  weight	  of	   2.2 g,	  averaging	  a	  weight	  
gain	  of	   19%	  (Figure	  4.3).	  In	  contrast,	  ICV	  and	  IV	  treated	  animals	  were	  able	  to	  achieve	  
3-­‐4 g	  on	  average,	  and	  in	  some	  instances	  exceeded	  4 g.	  From	  P3	  to	  their	  peak	  weight,	  ICV	  
treated	  animals	  gained	  an	  average	  of	  85%	  of	  their	  body	  weight	  and	  IV	  treated	  animals	  
gained	  27%,	  compared	  with	  the	   19%	  increase	  of	  the	  untreated	  SMA	  controls	  (Figure	  
4.3B).	  
scAAV9-­‐SMN	  Treated	  Animals	  Live	  Significantly	  Longer	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In	  addition	  to	  being	  weighed	  daily,	  the	  animals	  were	  monitored	  for	  survival.	  The	  
animals	  that	  received	  the	  scAAV9-­‐SMN	  via	  ICV	  and	  IV	  injections	  lived	  significantly	  longer	  
than	  the	  untreated	  controls	  (Figure	  4.4A	  and	  Figure	  4.5).	  Consistent	  with	  the	  weight	  
analysis,	  animals	  that	  received	  the	  scAAV9-­‐SMN	  vector	  via	  an	  ICV	  administration	  
exhibited	  a	  significant	  extension	  in	  survival	  compared	  with	  the	  animals	  that	  received	  the	  
same	  total	  number	  of	  scAAV9-­‐SMN	  viral	  particles	  via	  an	  IV	  injection	  (Figure	  4.4A).	  ICV	  
treated	  animals	  lived	  an	  average	  of	  17	  days,	  with	  the	  longest	  lived	  animals	  living	  beyond	  
weaning	  age.	  The	  IV	  treated	  animals	  lived	  an	  average	  of	  10	  days	  with	  a	  maximum	  life	  
span	  of	   17	  days.	  Consistent	  with	  previous	  reports,	  the	  untreated	  SMA	  animals	  had	  an	  
extremely	  short	  life	  span	  of	   7	  days	  (Fig.	  4.4B).	  Although	  the	  treated	  animals	  lived	  
significantly	  longer	  than	  the	  untreated	  animals,	  we	  did	  not	  see	  a	  complete	  rescue	  of	  the	  
SMA	  phenotype	  as	  was	  previously	  reported	  in	  the	  SMNΔ7	  model.	  These	  results	  
demonstrate	  that	  scAAV9-­‐SMN	  vector	  can	  profoundly	  impact	  the	  progression	  of	  disease	  
in	  this	  extremely	  severe	  model	  that	  is	  symptomatic	  at	  birth;	  however,	  a	  complete	  rescue	  
does	  not	  occur	  using	  scAAV9-­‐SMN	  viral	  titers	  that	  effectively	  rescued	  the	  SMNΔ7	  mouse	  
model.	  
Discussion	  
Increasing	  SMN	  protein	  levels	  in	  the	  CNS	  is	  the	  most	  straightforward	  approach	  
when	  designing	  SMA	  therapeutics.	  Based	  on	  the	  unique	  opportunities	  inherent	  to	  the	  
existence	  of	  SMN2,	  many	  therapeutic	  strategies	  have	  focused	  on	  modulating	  SMN2	  
gene	  expression,	  including	  modulating	  exon	  7	  splicing,	  increasing	  transcription,	  
stabilizing	  SMN2	  mRNA,	  and/or	  increasing	  the	  stability	  of	  the	  SMN2-­‐derived	  protein	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Figure	  4.3	  scAAV9-­‐SMN	  treated	  animals	  gained	  more	  weight	  than	  untreated	  SMA	  
animals.	  (A)	  Average	  weight	  (g)	  of	  animals	  at	  each	  day	  of	  life.	  Each	  treatment	  group	  is	  
significantly	  different	  from	  the	  others	  by	  one-­‐way	  ANOVA	  (p<0.0001).	  Tukey's	  multiple	  
comparison	  test:	  untreated	  vs.	  ICV,	  p<0.01;	  IV	  vs.	  ICV,	  p<0.001.	  (B)	  Percent	  body	  weight	  
gained	  from	  P3	  to	  peak	  weight	  of	  untreated,	  IV	  treated,	  and	  ICV	  treated	  SMA	  animals	  
(Smn–/–;SMN2+/+).	  Unpaired	  two-­‐tailed	  Student's	  t	  test:	  untreated	  vs.	  ICV,	  p=0.007;	  IV	  vs.	  
ICV,	  p=0.011.	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Figure	  4.4	  IV	  and	  ICV	  scAAV9-­‐SMN–treated	  animals	  lived	  significantly	  longer	  than	  
untreated	  SMA	  animals.	  (A)	  Kaplan-­‐Meier	  survival	  curve	  of	  untreated,	  IV	  treated,	  and	  
ICV	  treated	  SMA	  animals	  (Smn–/–;SMN2+/+).	  Log-­‐rank	  (Mantel-­‐Cox)	  test:	  untreated	  vs.	  IV,	  
p=0.027;	  untreated	  vs.	  ICV,	  p=0.002;	  IV	  vs.	  ICV,	  p=0.006.	  (B)	  Average	  survival.	  Untreated,	  
7.25	  days;	  IV,	  9.3	  days;	  and	  ICV,	  17	  days.	  Unpaired	  two-­‐tailed	  Student's	  t	  test:	  untreated	  
vs.	  ICV,	  p=0.005;	  IV	  vs.	  ICV,	  p=0.016.	  
	  
	   	  
71	  
	  
[166].	  Recently,	  therapeutics	  designed	  to	  increase	  SMN	  protein	  through	  gene	  therapy	  
have	  resulted	  in	  dramatic	  extensions	  in	  survival.	  These	  studies	  have	  demonstrated	  that	  
supplying	  exogenous	  SMN	  via	  a	  viral	  vector	  is	  a	  highly	  effective	  tool	  for	  treating	  an	  
animal	  model	  of	  SMA	  [102,109-­‐111].	  To	  date,	  all	  of	  the	  published	  gene	  therapy	  studies	  
have	  been	  conducted	  in	  the	  SMNΔ7	  mouse	  model,	  demonstrating	  that	  neonatal	  delivery	  
of	  scAAV-­‐SMN	  is	  able	  to	  rescue	  the	  SMNΔ7	  model	  to	  a	  near-­‐normal	  weight,	  phenotype,	  
and	  a	  range	  in	  survival	  from	   65	  to	  200+	  days.	  In	  each	  of	  these	  studies,	  the	  vector	  was	  
administered	  pre-­‐symptomatically,	  generally	  within	  48 hrs	  of	  birth.	  Injecting	  at	  this	  early	  
time	  point	  allows	  the	  viral	  genome	  to	  be	  expressed	  before	  the	  animals	  develop	  overt	  
disease	  symptoms	  around	  P7	  [65].	  Remarkably,	  a	  delay	  in	  administering	  the	  vector	  
resulted	  in	  a	  profound	  decrease	  in	  efficacy,	  such	  that	  administration	  of	  the	  vector	  at	  P5	  
resulted	  in	  a	  maximum	  survival	  of	   30	  days,	  and	  delivery	  after	  onset	  of	  symptoms	  had	  
no	  effect	  [102].	  
Recent	  genetic	  experiments	  examined	  the	  requirement	  of	  SMN	  
postsymptomatically.	  Using	  a	  Cre-­‐lox	  system,	  SMN	  was	  induced	  at	  various	  time	  points	  
pre-­‐	  and	  postsymptomatically	  [168].	  These	  results	  demonstrate	  that	  pre-­‐symptomatic	  
expression	  of	  SMN	  dramatically	  rescues	  the	  phenotype,	  whereas	  a	  significant	  benefit	  
can	  still	  be	  achieved	  if	  induction	  initiates	  at	  P8.	  This	  is	  in	  contrast	  to	  the	  work	  with	  the	  
gene	  therapy	  vectors	  that	  showed	  a	  narrower	  therapeutic	  window	  [102].	  This	  distinction	  
could	  be	  due	  to	  several	  variables	  between	  the	  experimental	  approaches,	  including	  the	  
overall	  level	  of	  SMN	  induction	  in	  disease-­‐relevant	  tissues,	  the	  inability	  of	  the	  vector	  to	  
efficiently	  cross	  the	  blood–brain	  barrier	  at	  later	  time	  points,	  and	  the	  temporal	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requirements	  of	  each	  organ	  system	  to	  achieve	  therapeutically	  relevant	  levels	  of	  SMN	  
expression.	  As	  anticipated,	  in	  the	  SMN2	  mouse	  model,	  our	  results	  strongly	  suggest	  that	  
the	  therapeutic	  window	  that	  would	  lead	  to	  a	  complete	  rescue	  of	  the	  SMA	  phenotype	  is	  
likely	  inaccessible	  after	  birth.	  
This	  is	  the	  first	  time	  ICV	  and	  IV	  administrations	  have	  been	  examined	  using	  the	  
same	  viral	  vector,	  scAAV9-­‐SMN.	  Our	  results	  demonstrate	  that	  the	  ICV	  mediated	  delivery	  
is	  more	  efficient	  in	  partially	  rescuing	  the	  SMA	  phenotype.	  As	  SMA	  is	  primarily	  a	  disease	  
of	  the	  CNS,	  this	  is	  not	  altogether	  surprising.	  The	  ICV	  injection	  physically	  bypasses	  the	  
blood–brain	  barrier;	  therefore,	  a	  high	  dose	  of	  vector	  is	  present	  immediately	  within	  the	  
CNS.	  Additionally,	  scAAV9	  has	  a	  broad	  cellular	  tropism,	  and	  a	  significant	  fraction	  of	  the	  
vector	  is	  likely	  absorbed	  in	  peripheral	  tissues	  following	  an	  IV	  injection.	  Therefore,	  IV	  
injection	  likely	  results	  in	  less	  CNS-­‐penetrating	  vector	  and	  a	  subsequent	  lesser	  rescue	  of	  
the	  primary	  motor	  neuron	  defect.	  The	  Smn–/–;SMN2+/+	  model	  is	  extremely	  severe,	  and	  it	  
is	  known	  that	  SMN	  expression	  is	  also	  necessary	  in	  the	  periphery.	  One	  possibility	  to	  
explain	  the	  effectiveness	  of	  the	  ICV	  administration	  is	  that	  a	  fraction	  of	  the	  virus	  crosses	  
the	  blood–brain	  barrier	  at	  P1,	  providing	  a	  low	  level	  of	  transduction	  in	  peripheral	  organs.	  
Previous	  work	  with	  scAAV8	  suggests	  that	  peripheral	  organs	  are	  important	  for	  a	  
complete	  rescue.	  For	  example,	  when	  scAAV8-­‐SMN	  was	  delivered	  via	  ICV	  injection,	  the	  
extension	  in	  survival	  was	  not	  as	  long	  as	  scAAV9-­‐SMN	  delivered	  via	  IV	  injection.	  Although	  
the	  motor	  neuron	  uptake	  was	  high	  for	  scAAV8,	  it	  has	  been	  previously	  documented	  that	  
cardiac	  tissue	  is	  poorly	  transduced	  by	  AAV8	  vectors	  [169,170].	  This	  likely	  contributes	  to	  
the	  shortened	  life	  span	  of	  the	  ICV	  scAAV8-­‐treated	  animals	  relative	  to	  IV	  treated	  animals	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and	  highlights	  the	  importance	  of	  examining	  multiple	  delivery	  methods	  for	  a	  single	  
vector.	  Our	  results	  demonstrate	  that,	  in	  a	  direct	  comparison	  of	  ICV	  and	  IV	  delivery	  of	  
scAAV9-­‐SMN,	  ICV	  delivery	  results	  in	  a	  more	  profound	  rescue	  of	  the	  SMA	  phenotype.	  
Here	  we	  demonstrate	  that	  injection	  of	  scAAV9-­‐SMN	  provides	  significant	  
therapeutic	  benefit	  in	  an	  extremely	  severe	  SMA	  model,	  indicating	  that	  postsymptomatic	  
delivery	  of	  scAAV9-­‐SMN	  can	  be	  highly	  beneficial.	  Despite	  this	  unprecedented	  extension	  
of	  survival,	  we	  do	  not	  observe	  a	  full	  rescue	  to	  normal	  life	  span	  like	  that	  seen	  in	  the	  
SMNΔ7	  model.	  It	  is	  possible	  that	  in	  utero	  delivery	  would	  be	  the	  only	  means	  to	  achieve	  a	  
full	  rescue	  of	  the	  severe	  model.	  The	  extremely	  low	  levels	  of	  SMN	  present	  in	  this	  model	  
also	  appear	  to	  impact	  development	  in	  a	  global	  manner;	  therefore,	  a	  complete	  rescue,	  
other	  than	  at	  the	  genetic	  level,	  may	  not	  be	  achievable.	  From	  this	  and	  the	  previous	  
studies	  noted,	  we	  conclude	  that	  pre-­‐symptomatic	  treatment	  is	  clearly	  superior	  to	  
postsymptomatic	  treatment.	  However,	  it	  is	  encouraging	  to	  see	  that	  postsymptomatic	  
treatment	  still	  provides	  a	  dramatic	  reduction	  in	  disease	  severity.	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CHAPTER	  FIVE:	  	  DEFINING	  THE	  THERAPEUTIC	  WINDOW	  IN	  A	  SEVERE	  MODEL	  OF	  SMA	  
USING	  SCAAV9-­‐SMN	  
	  
The	  work	  presented	  in	  this	  chapter	  was	  conducted	  equally	  between	  J.	  Glascock	  and	  K.	  
Robbins.	  
	  
Abstract	  
Spinal	  muscular	  atrophy	  (SMA)	  is	  caused	  by	  the	  loss	  of	  a	  single	  gene,	  Survival	  
Motor	  Neuron-­‐1	  (SMN1),	  which	  results	  in	  the	  rapid	  deterioration	  of	  motor	  neuron	  
integrity	  and	  function,	  most	  often	  leading	  to	  infantile	  death.	  Administration	  of	  self-­‐
complementary	  adeno-­‐associated	  virus	  expressing	  full-­‐length	  SMN	  cDNA	  (scAAV-­‐SMN)	  
has	  proven	  an	  effective	  means	  to	  rescue	  the	  SMA	  phenotype	  in	  SMA	  mice,	  either	  by	  
intravenous	  (IV)	  or	  intracerebroventricular	  (ICV)	  injection	  at	  very	  early	  postnatal	  time	  
points.	  We	  have	  recently	  shown	  that	  ICV	  delivery	  of	  scAAV9-­‐SMN	  is	  more	  effective	  than	  
the	  same	  dose	  of	  vector	  administered	  via	  an	  IV	  injection,	  thereby	  providing	  an	  
important	  framework	  to	  examine	  a	  timeline	  for	  rescuing	  the	  disease	  and	  determining	  
the	  therapeutic	  window.	  SMNΔ7	  mice	  were	  injected	  with	  scAAV9-­‐SMN	  via	  ICV	  injection	  
on	  a	  single	  day	  from	  day	  2	  (P2)	  through	  day	  8	  (P8).	  At	  each	  delivery	  point,	  scAAV9-­‐SMN	  
decreased	  disease	  severity,	  ranging	  from	  a	  near	  complete	  rescue	  (P2)	  to	  a	  significant,	  
albeit	  to	  a	  lesser	  degree,	  improvement	  in	  which	  animals	  lived	  ~150%	  longer	  (P8).	  While	  
our	  study	  demonstrated	  that	  a	  maximal	  benefit	  is	  obtained	  when	  treatment	  is	  delivered	  
during	  pre-­‐symptomatic	  stages,	  significant	  therapeutic	  benefit	  was	  still	  achieved	  after	  
the	  onset	  of	  symptoms.	  
Introduction	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Spinal	  muscular	  atrophy	  (SMA)	  is	  caused	  by	  the	  functional,	  homozygous	  loss	  of	  
Survival	  Motor	  Neuron-­‐1,	  SMN1	  [9].	  In	  humans	  there	  has	  been	  an	  inversion	  and	  
duplication	  event	  such	  that	  a	  nearly	  identical	  copy	  gene,	  SMN2,	  exists	  [10].	  However,	  
SMN2	  cannot	  compensate	  for	  the	  loss	  of	  SMN1	  due	  to	  a	  silent	  C	  to	  T	  transition	  at	  the	  5’	  
end	  of	  exon	  7	  [11].	  This	  change	  causes	  a	  mis-­‐splicing	  event	  such	  that	  the	  vast	  majority	  of	  
pre-­‐mRNA	  transcripts	  from	  SMN2	  lack	  exon	  7	  [15-­‐17].	  Subsequently,	  SMN2	  produces	  
low	  levels	  of	  full-­‐length	  SMN	  protein	  and	  primarily	  generates	  the	  alternatively	  spliced	  
isoform,	  SMNΔ7	  [11].	  The	  SMNΔ7	  protein	  is	  very	  unstable	  and	  is	  rapidly	  degraded	  
leaving	  it	  unable	  to	  protect	  from	  SMA.	  Low	  levels	  of	  the	  ubiquitously	  expressed	  full-­‐
length	  SMN	  protein	  result	  in	  the	  preferential	  loss	  of	  alpha	  motor	  neurons,	  a	  hallmark	  
pathology	  of	  SMA	  .	  	  
Due	  to	  its	  monogenic	  nature,	  vector-­‐based	  gene	  replacement	  is	  a	  viable	  
therapeutic	  for	  the	  treatment	  of	  SMA.	  Of	  the	  many	  therapeutics	  tested	  in	  animal	  
models	  of	  SMA	  to	  date,	  scAAV9-­‐mediated	  SMN1	  replacement	  has	  resulted	  in	  the	  most	  
profound	  improvements	  in	  lifespan	  and	  motor	  phenotype.	  When	  delivered	  within	  48	  
hours	  of	  birth,	  scAAV9-­‐SMN	  is	  able	  to	  completely	  rescue	  the	  lifespan	  of	  the	  SMNΔ7	  
mouse	  model	  extending	  survival	  from	  ~14	  to	  200+	  days	  [102,109-­‐111].	  Of	  the	  AAV	  
serotypes	  investigated	  for	  the	  treatment	  of	  SMA,	  AAV9	  has	  proven	  to	  be	  the	  most	  
efficacious	  as	  it	  is	  able	  to	  cross	  the	  blood	  brain	  barrier	  when	  delivered	  systemically	  and	  
transduce	  a	  variety	  of	  neuronal	  lineages,	  including	  motor	  neurons	  [89].	  	  	  	  
Unfortunately,	  because	  SMA	  is	  not	  on	  the	  newborn	  screening	  panel,	  human	  SMA	  
patients	  often	  remain	  undiagnosed	  until	  the	  onset	  of	  symptoms.	  Therefore,	  the	  success	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of	  any	  therapeutic	  which	  reaches	  the	  clinic	  is	  contingent	  upon	  the	  stage	  of	  disease	  at	  
which	  increased	  SMN	  levels	  are	  still	  able	  to	  produce	  a	  functional	  benefit.	  Thus,	  
understanding	  the	  temporal	  requirements	  of	  SMN	  during	  disease	  progression	  is	  of	  
upmost	  importance	  for	  the	  design	  and	  development	  of	  effective	  therapeutics.	  It	  is	  
important	  to	  determine	  if	  the	  therapeutic	  window	  is	  limited	  to	  pre-­‐symptomatic	  stages	  
of	  disease	  or	  if	  treatment	  after	  the	  onset	  of	  symptoms	  and	  extensive	  cellular	  pathology	  
is	  still	  beneficial.	  	  
As	  scAAV9-­‐SMN	  has	  been	  the	  most	  successful	  therapeutic	  tested	  in	  animal	  
models	  and	  has	  been	  approved	  for	  clinical	  trials	  slated	  to	  begin	  in	  early	  2014,	  we	  have	  
chosen	  to	  use	  it	  as	  our	  therapeutic	  agent	  of	  choice	  for	  examining	  the	  therapeutic	  
window.	  	  Using	  the	  SMNΔ7	  mouse	  model	  [65],	  we	  delivered	  scAAV9-­‐SMN	  via	  ICV	  
injection	  at	  sequential	  time	  points,	  from	  48	  hours	  post	  birth	  to	  after	  the	  onset	  of	  
symptoms.	  We	  chose	  a	  dose	  of	  1e11	  viral	  genomes	  (vg)/animal	  as	  this	  dose	  has	  been	  
shown	  to	  rescue	  lifespan	  when	  given	  at	  P2	  [102].	  Each	  animal	  was	  injected	  at	  a	  single	  
time	  point,	  P2	  through	  P8.	  Early	  SMN	  induction	  provided	  the	  most	  benefit	  whereas	  
injection	  at	  later	  time	  points	  decreased	  the	  efficacy	  of	  this	  therapy.	  Importantly,	  all	  
treated	  mice	  lived	  significantly	  longer	  than	  non-­‐injected	  controls	  demonstrating	  that	  
increasing	  SMN	  does	  confer	  a	  functional	  benefit	  after	  the	  onset	  of	  symptoms.	  However,	  
SMN	  replacement	  at	  the	  earliest	  time	  point	  (P2)	  provided	  the	  most	  robust	  phenotypic	  
rescue	  with	  the	  fewest	  early	  deaths.	  	  
Our	  study	  provides	  an	  exhaustive	  investigation	  into	  the	  therapeutic	  window	  of	  
opportunity	  in	  the	  SMNΔ7	  mouse	  model.	  On	  one	  hand,	  it	  highlights	  the	  importance	  of	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early,	  pre-­‐symptomatic	  intervention	  for	  maximal	  therapeutic	  benefit.	  On	  the	  other	  
hand,	  it	  provides	  encouraging,	  clinically	  relevant	  evidence	  that	  treatment	  after	  the	  
onset	  of	  symptoms	  can	  still	  significantly	  mitigate	  disease	  progression,	  albeit	  to	  a	  lesser	  
degree.	  
Material	  and	  Methods	  
Animal	  Handling	  and	  Genotyping	  
All	  animals	  were	  housed	  and	  treated	  according	  to	  the	  guidelines	  of	  the	  Animal	  
Care	  and	  Use	  Committee	  at	  the	  University	  of	  Missouri.	  Pups	  were	  genotyped	  on	  their	  
day	  of	  birth	  as	  previously	  described	  [155].	  	  
Virus	  Production	  	  
scAAV9-­‐SMN	  viral	  vector	  was	  produced	  as	  described	  previously	  [73].	  	  HEK293T	  
cells	  were	  triple	  transfected	  in	  the	  presence	  of	  polyethyleneimine	  (PEI)	  (1mg/ml),	  pH	  
5.0.	  The	  scAAV	  plasmid	  was	  constructed	  to	  express	  the	  open	  reading	  frame	  of	  human	  
SMN1	  cDNA	  (NCBI	  accession	  number	  NM_000344)	  under	  the	  control	  of	  the	  CAG	  
promoter.	  scAAV9-­‐SMN	  viral	  vector	  was	  purified	  using	  three	  cesium	  chloride	  density-­‐
gradient	  centrifugation	  steps.	  Quantification	  of	  viral	  genomes	  was	  performed	  using	  
SYBR®	  Green	  and	  primers	  to	  amplify	  the	  promoter	  region,	  forward	  (5’-­‐
CCGGTGGTGGTGCAAATCAAAGAA-­‐3’)	  and	  reverse	  (5’-­‐
AGCAGAAGTAACACTTCCGTACAGGC-­‐3’).	  	  
Intracerebroventricular	  Injection	  of	  scAAV9-­‐SMN	  or	  scAAV9-­‐GFP	  
Intracerebroventricular	  (ICV)	  injection	  was	  performed	  on	  neonates	  to	  administer	  
scAAV9-­‐SMN	  therapy	  directly	  into	  the	  CNS	  as	  previously	  described	  [149].	  Mice	  were	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administered	  a	  single	  injection	  of	  1e11	  vg	  on	  one	  of	  the	  following	  days,	  P2	  through	  P8.	  
Briefly,	  a	  glass-­‐pulled	  needle	  was	  inserted	  through	  the	  frontal	  plate	  (lateral	  to	  the	  
metopic	  suture	  and	  rostral	  to	  the	  coronal	  suture)	  into	  the	  left	  or	  right	  ventricle	  of	  the	  
neonatal	  mouse	  to	  deliver	  a	  5	  µl	  bolus	  of	  viral	  vector.	  Unaffected	  animals	  were	  injected	  
with	  scAAV9-­‐GFP	  on	  P2	  or	  P7.	  
Phenotypic	  Assessment	  	  
All	  treated	  and	  untreated	  mice	  were	  monitored	  daily	  to	  evaluate	  survival,	  weight	  
gain	  and	  motor	  function	  as	  assessed	  by	  the	  time	  to	  right	  test.	  The	  time	  to	  right	  test	  
consists	  of	  placing	  a	  mouse	  on	  its	  back	  and	  determining	  the	  time	  it	  takes	  for	  them	  to	  
right	  themselves	  onto	  all	  four	  paws	  with	  a	  maximum	  allotted	  time	  of	  30	  seconds.	  
Tissue	  Collection	  	  
To	  harvest	  tissues,	  mice	  were	  euthanized	  using	  isofluorine	  followed	  by	  cervical	  
dislocation.	  Brain,	  spinal	  cord,	  skeletal	  muscle,	  heart,	  kidney,	  liver,	  and	  spleen	  were	  
collected	  and	  immediately	  flash-­‐frozen	  in	  liquid	  nitrogen	  for	  those	  tissues	  used	  for	  
protein	  analysis	  or	  submerged	  in	  4%	  paraformaldehyde	  if	  used	  for	  histological	  
examination	  of	  GFP	  distribution.	  	  
Western	  Blotting	  
Tissues	  were	  collected	  at	  specified	  time	  points	  and	  immediately	  frozen	  in	  liquid	  
nitrogen.	  SMN	  immunoblots	  were	  performed	  using	  a	  mouse	  monoclonal	  anti-­‐SMN	  
antibody	  (BD	  Biosciences;	  1:2000)	  and	  anti-­‐β-­‐actin	  rabbit	  antibody	  (Sigma;	  1:2000)	  
[138,157].	  Western	  blot	  analysis	  was	  performed	  in	  triplicate	  and	  representative	  blots	  
are	  shown.	  Westerns	  were	  quantitated	  using	  Fujifilm	  MultiGauge	  software.	  
79	  
	  
Peripheral	  Viral	  Expression	  Analysis	  
Unaffected	  animals	  were	  injected	  with	  scAAV9-­‐GFP	  on	  P2	  or	  P7.	  Unaffected	  
animals	  not	  injected	  with	  the	  GFP	  virus	  were	  used	  as	  a	  negative	  control.	  All	  tissues	  
harvested	  for	  peripheral	  transduction	  analysis	  were	  harvested	  on	  P6	  or	  P11.	  
Results	  
ICV	  Injection	  of	  scAAV9-­‐SMN	  Increased	  Survival	  of	  SMNΔ7	  Mice	  
A	  single,	  ICV	  injection	  of	  1e11	  vg	  was	  able	  to	  significantly	  extend	  the	  lifespan	  of	  all	  
treatment	  groups	  (Figure	  5.1A).	  	  As	  expected,	  earlier	  treatment	  resulted	  in	  a	  more	  
robust	  lifespan	  rescue.	  Pups	  injected	  on	  P2	  experienced	  no	  early	  deaths	  and	  all	  mice	  
lived	  past	  130	  days.	  As	  treatment	  was	  delayed,	  the	  average	  lifespan	  steadily	  declined	  
(Figure	  5.1B).	  Overall,	  mice	  injected	  with	  scAAV9-­‐SMN	  at	  earlier	  time	  points	  had	  a	  
greater	  extension	  in	  survival	  compared	  to	  mice	  injected	  at	  later	  time	  points.	  Mice	  from	  
all	  groups	  lived	  significantly	  longer	  than	  non-­‐injected	  SMA	  controls	  which	  lived	  on	  
average,	  13	  days	  with	  a	  median	  survival	  of	  14	  days	  (Figure	  5.1C).	  
ICV	  Injection	  of	  scAAV9-­‐SMN	  Increased	  Weight	  Gain	  of	  SMNΔ7	  Mice	  
Weight	  gain	  was	  analyzed	  as	  the	  average	  weight	  for	  a	  given	  group	  across	  days	  
(Figure	  5.2A)	  and	  also	  as	  the	  average	  percent	  weight	  gained	  from	  birth	  to	  peak	  (Figure	  
5.2B).	  A	  statistical	  comparison	  of	  weight	  gain	  between	  groups	  is	  described	  in	  the	  p-­‐table	  
in	  Figure	  5.2C.	  At	  birth,	  all	  SMA	  pups	  and	  unaffected	  pups	  were	  similar	  in	  weight	  and	  
there	  were	  no	  obvious	  phenotypic	  differences	  until	  around	  day	  7	  (Figure	  5.3).	  However,	  
by	  P11	  all	  treated	  mice	  weighed	  significantly	  more	  than	  non-­‐injected	  SMA	  animals.	  Even	  
the	  late	  injected	  mice	  (P7	  and	  P8)	  weighed	  significantly	  more,	  although	  this	  difference	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Figure	  5.1	  ICV	  injection	  of	  scAAV9-­‐SMN	  significantly	  increases	  the	  survival	  of	  SMNΔ7	  
mice	  when	  administered	  at	  early	  time	  points.	  (A)	  Kaplan-­‐Meier	  survival	  curve	  of	  
untreated	  SMNΔ7	  mice	  and	  those	  injected	  with	  1e11	  vg	  of	  scAAV9-­‐SMN	  on	  a	  single	  day	  
P2-­‐P8.	  (B)	  Symbols	  represent	  minimum,	  maximum,	  and	  median	  survival	  of	  mice	  in	  each	  
group.	  Line	  represents	  the	  average	  survival.	  (C)	  P-­‐table	  comparing	  all	  treated	  and	  
untreated	  groups.	  P-­‐values	  were	  calculated	  using	  the	  logrank	  Mantel-­‐Cox	  test.	  NI	  =	  non-­‐
injected.	  (n.s.	  no	  significance,	  *	  p≤0.05,	  **	  p≤0.01,	  ***	  p≤0.001,	  ****	  p≤0.0001)	  
	  	   P2	   P3	   P4	   P5	   P6	   P7	   P8	   NI	  
P2	   	  	   0.0000	   0.1090	   0.0136	   0.0402	   0.0000	   0.0000	   0.0000	  
P3	   ***	   	  	   0.0432	   0.0000	   0.7188	   0.0000	   0.0000	   0.0000	  
P4	   n.s.	  	   *	  	   	  	   0.0755	   0.1348	   0.0000	   0.0000	   0.0000	  
P5	   *	  	   n.s.	  	   n.s.	  	   	  	   0.9950	   0.0181	   0.0000	   0.0000	  
P6	   *	  	   n.s.	  	   n.s.	  	   n.s.	  	   	  	  	   0.0811	   0.0004	   0.0000	  
P7	   ****	   ****	   ****	   *	  	   n.s.	  	   	  	   0.0002	   0.0001	  
P8	   ****	   ****	   ****	   ****	   ***	   ***	   	  	  	   0.0001	  
NI	   ****	   ****	   ****	   ****	   ****	   ****	   ****	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   P2	   P3	   P4	   P5	   P6	   P7	   P8	   NI	  
P2	   	  	   0.2203	   0.1395	   0.0000	   0.0000	   0.0000	   0.0000	   0.0000	  
P3	   n.s.	  	   	  	   0.6311	   0.0001	   0.0001	   0.0000	   0.0000	   0.0000	  
P4	   n.s.	  	   n.s.	  	   	  	   0.0010	   0.0009	   0.0000	   0.0000	   0.0000	  
P5	   ****	   ****	   ***	   	  	   0.8927	   0.1701	   0.0118	   0.0056	  
P6	   ****	   ****	   ***	   n.s.	  	   	  	   0.2081	   0.0095	   0.0042	  
P7	   ****	   ****	   ****	   n.s.	  	   n.s.	  	   	  	   0.1236	   0.0474	  
P8	   ****	   ****	   ****	   *	   **	   n.s.	  	   	  	   0.0027	  
NI	   ****	   ****	   ****	   **	   **	   *	   **	   	  	  
	  
Figure	  5.2	  SMNΔ7	  mice	  treated	  with	  scAAV9-­‐SMN	  gain	  weight	  throughout	  their	  lifespan.	  
(A)	  The	  average	  weight	  per	  group	  on	  each	  day.	  ni	  =	  initial	  number	  of	  animals	  in	  each	  
group.	  (B)	  Percent	  weight	  gained	  from	  birth	  to	  peak.	  SMNΔ7	  mice	  treated	  with	  scAAV9-­‐
SMN	  gain	  more	  weight	  than	  non-­‐injected	  controls.	  (C)	  P-­‐table	  demonstrating	  
statistically	  significant	  differences	  in	  average	  weight	  gained	  from	  birth	  to	  peak	  of	  all	  
mice	  in	  the	  treated	  and	  non-­‐treated	  groups.	  Student’s	  t-­‐tests	  were	  performed	  to	  
compare	  the	  average	  percent	  weight	  gained	  from	  birth	  to	  peak	  between	  groups.	  (n.s.	  no	  
significance,	  *	  p≤0.05,	  **	  p≤0.01,	  ***	  p≤0.001,	  ****	  p≤0.0001).	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Figure	  5.3	  Representative	  images	  of	  SMNΔ7	  mice.	  (A)	  Phenotypic	  differences	  are	  not	  
apparent	  at	  birth	  and	  the	  pups	  of	  the	  various	  genotypes	  cannot	  be	  distinguished	  by	  
observation.	  Unaffected	  (Smn+/+;SMN2+/+;SMNΔ7+/+),	  Heterzygous	  (Smn+/-­‐
;SMN2+/+;SMNΔ7+/+),	  and	  SMA	  (Smn-­‐/-­‐;SMN2+/+;SMNΔ7+/+).	  (B)	  At	  P9,	  it	  can	  be	  readily	  
observed	  that	  the	  pup	  injected	  at	  the	  earliest	  time	  point	  (P2)	  is	  comparable	  to	  the	  
unaffected	  heterozygous	  littermate	  and	  the	  pups	  injected	  at	  the	  latest	  time	  points	  (P7	  
and	  P8)	  are	  smaller.	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was	  not	  as	  great	  as	  the	  difference	  observed	  between	  early	  injected	  mice	  and	  the	  non-­‐
injected	  SMA	  controls.	  Around	  P10,	  the	  weight	  of	  P8	  and	  non-­‐injected	  SMA	  mice	  peaked	  
and	  declined	  from	  thereon.	  By	  P14,	  P8	  injected	  animals	  weighed	  significantly	  less	  than	  
mice	  from	  all	  other	  treatment	  groups.	  	  
All	  treated	  animals	  exhibited	  a	  significantly	  higher	  percent	  weight	  gain	  from	  birth	  
to	  their	  peak	  weight	  compared	  to	  non-­‐injected	  SMA	  animals.	  (Figure	  5.2B).	  Treated	  
animals	  tended	  to	  fall	  into	  two	  groups.	  Those	  injected	  on	  P2,	  P3	  or	  P4	  displayed	  similar	  
weight	  gain	  from	  birth	  to	  peak,	  and	  there	  was	  no	  significance	  when	  compared	  with	  each	  
other.	  Similarly,	  animals	  injected	  on	  P5,	  P6	  or	  P7	  had	  comparable	  percent	  weight	  gain	  
and	  also	  did	  not	  show	  significance	  when	  compared	  to	  one	  another.	  	  
Early	  Treatment	  Improved	  Motor	  Function	  in	  Mice	  Injected	  with	  scAAV9-­‐SMN	  
Mice	  have	  a	  natural	  instinct	  to	  right	  themselves	  onto	  all	  four	  paws	  immediately	  
after	  being	  placed	  on	  their	  back.	  Young,	  healthy	  neonates	  achieve	  this	  ability	  within	  the	  
first	  week	  of	  life	  [159].	  Thus,	  observing	  this	  ability	  in	  mice	  serves	  as	  an	  early	  test	  of	  
motor	  function,	  known	  as	  the	  time-­‐to-­‐right	  test.	  Mice	  were	  given	  30	  seconds	  to	  perform	  
this	  test.	  Over	  time,	  a	  greater	  percentage	  of	  animals	  from	  groups	  P2	  through	  P7	  gained	  
the	  ability	  to	  right	  themselves.	  However,	  this	  was	  not	  the	  case	  for	  the	  untreated	  animals	  
and	  those	  injected	  at	  the	  latest	  time	  point,	  P8	  (Figure	  5.4A).	  	  
Of	  the	  mice	  that	  are	  able	  to	  right	  themselves,	  the	  early-­‐injected	  animals	  tended	  
to	  right	  faster	  than	  those	  injected	  at	  later	  time	  points	  and	  the	  non-­‐injected	  SMA	  
controls.	  On	  P14,	  righting	  time	  increased	  with	  delayed	  treated	  and	  untreated	  animals	  
were	  no	  longer	  able	  to	  right	  themselves	  within	  the	  30	  seconds	  allotted	  (Figure	  5.4B).	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Overall,	  earlier	  treatment	  produced	  more	  robust	  motor	  function	  improvements	  as	  
measured	  by	  time-­‐to-­‐right.	  
Increased	  SMN	  Protein	  Was	  Observed	  in	  Animals	  Treated	  with	  scAAV9-­‐SMN	  
SMNΔ7	  mice	  were	  injected	  on	  P2	  or	  P7	  and	  their	  tissues	  harvested	  on	  P11.	  As	  
expected,	  P2	  injected	  mice	  had	  equal	  or	  higher	  levels	  of	  SMN	  protein	  as	  compared	  to	  
unaffected	  mice	  due	  to	  the	  large	  dose	  of	  viral	  particles	  injected	  (Figure	  5.5A-­‐D).	  Mice	  
injected	  on	  P2	  exhibited	  significantly	  higher	  SMN	  levels	  in	  the	  brain	  and	  spinal	  cord	  
compared	  to	  P7	  injected	  mice	  (Figure	  5.5A,B).	  Both	  P2	  and	  P7	  injected	  animals	  had	  
significantly	  more	  SMN	  protein	  than	  age-­‐matched,	  non-­‐injected	  SMA	  control	  mice.	  	  
Robust	  SMN	  protein	  induction	  was	  also	  observed	  in	  peripheral	  organs	  such	  as	  the	  heart	  
(Figure	  5.5C).	  In	  the	  heart	  tissue,	  both	  P2	  and	  P7	  injected	  animals	  express	  significantly	  
more	  SMN	  than	  non-­‐injected	  controls	  (p	  =	  0.0006	  and	  p	  =	  0.0079,	  respectively).	  
Furthermore,	  scAAV9-­‐SMN	  administration	  on	  P2	  resulted	  in	  significantly	  higher	  SMN	  
levels	  in	  the	  heart	  compared	  with	  the	  P7	  group	  (p	  =	  0.0023).	  The	  same	  pattern	  of	  
induction	  was	  observed	  in	  muscle,	  with	  P2	  injected	  animals	  displaying	  more	  robust	  SMN	  
protein	  levels	  than	  P7	  treated	  mice	  (Figure	  5.5D).	  
It	  is	  possible	  that	  the	  P2	  treatment	  group	  had	  more	  robust	  protein,	  as	  compared	  
to	  the	  P7	  group,	  because	  the	  virus	  was	  allowed	  to	  express	  for	  5	  days	  longer.	  To	  address	  
this,	  P2	  treated	  animals	  were	  harvested	  on	  P6	  in	  order	  to	  compare	  protein	  levels	  after	  
equal	  times	  of	  viral	  expression	  in	  both	  the	  P2	  and	  P7	  groups.	  The	  robust	  protein	  levels	  
observed	  in	  P2	  injected	  animals	  harvested	  at	  P11	  were	  still	  observed	  in	  P2	  injected	  mice	  
harvested	  at	  P6	  (Figure	  5.5E,F).	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Figure	  5.4	  Animals	  treated	  at	  early	  time	  points	  gain	  the	  ability	  to	  right	  themselves	  prior	  
to	  animals	  injected	  at	  later	  time	  points.	  (A)	  Percentage	  of	  animals	  able	  to	  right	  
themselves.	  (B)	  Individual	  time	  to	  right	  on	  P14.	  	  At	  two	  weeks,	  earlier	  treated	  animals	  
perform	  better	  on	  the	  time	  to	  right	  test	  compared	  to	  those	  injected	  at	  later	  time	  points.	  
There	  is	  a	  high	  degree	  of	  variability	  observed	  within	  groups	  on	  day	  14;	  where	  some	  mice	  
are	  able	  to	  right	  themselves	  more	  quickly	  than	  others,	  and	  some	  animals	  never	  gain	  the	  
ability	  to	  turn.	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Figure	  5.5	  SMN	  protein	  induction	  in	  SMNΔ7	  mice	  injected	  at	  early	  and	  late	  time	  points.	  
SMN	  protein	  levels	  in	  (A)	  brain,	  (B)	  spinal	  cord,	  (C)	  heart,	  and	  (D)	  muscle	  of	  mice	  
injected	  with	  scAAV9-­‐SMN	  at	  P2	  and	  P7	  and	  harvested	  at	  P11.	  To	  account	  for	  potential	  
differences	  in	  time	  of	  viral	  expression,	  additional	  animals	  were	  injected	  on	  P2	  and	  
harvested	  on	  P6	  and	  protein	  levels	  were	  examined	  in	  (E)	  brain	  and	  (F)	  spinal	  cord.	  
Quantification	  of	  the	  Western	  blots	  (n	  =	  3	  for	  each	  group)	  is	  shown	  as	  the	  average	  
SMN/actin	  ratio.	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Peripheral	  Distribution	  of	  scAAV9-­‐SMN	  and	  Transduction	  Analysis	   	  
To	  determine	  the	  extent	  to	  which	  scAAV9-­‐SMN	  traverses	  the	  blood-­‐brain-­‐barrier	  
(BBB)	  and	  is	  distributed	  throughout	  the	  periphery,	  we	  utilized	  the	  scAAV9-­‐GFP	  vector.	  
Unaffected	  mice	  were	  injected	  with	  scAAV9-­‐GFP	  on	  P2	  or	  P7	  and	  the	  heart,	  liver,	  spleen,	  
and	  kidney	  tissues	  were	  harvested	  on	  P6	  or	  P11	  (Figure	  5.6).	  Results	  confirm	  that	  
scAAV9	  is	  well	  distributed	  throughout	  the	  periphery	  with	  especially	  strong	  GFP	  
expression	  in	  the	  liver	  and	  heart	  tissues	  after	  both	  P2	  and	  P7	  injections.	  This	  indicates	  
that	  scAAAV9-­‐SMN	  is	  able	  to	  escape	  the	  BBB,	  even	  when	  injected	  at	  later	  timepoints.	  	  
Discussion	  
SMA	  is	  caused	  by	  low	  levels	  of	  SMN	  protein	  [11].	  In	  humans,	  the	  SMN2	  gene,	  despite	  its	  
inability	  to	  compensate	  for	  the	  loss	  of	  SMN1,	  is	  a	  critical	  disease	  modifying	  gene	  as	  it	  is	  
able	  to	  produce	  low	  levels	  of	  full-­‐length	  SMN	  protein	  [2].	  Therapeutic	  approaches	  for	  
the	  treatment	  of	  SMN	  can	  be	  broadly	  categorized	  into	  two	  groups:	  those	  that	  modulate	  
SMN2	  splicing	  to	  generate	  more	  full-­‐length	  transcripts	  and	  direct	  SMN	  replacement.	  
Designing	  an	  effective	  therapeutic	  using	  either	  strategy	  requires	  knowledge	  of	  the	  
tissue-­‐specific	  and	  temporal	  requirements	  for	  SMN.	  	  
In	  an	  effort	  to	  elucidate	  the	  latter,	  we	  performed	  a	  thorough	  analysis	  of	  SMN	  
replacement	  via	  scAAV9	  at	  sequential	  postnatal	  timepoints	  in	  the	  SMNΔ7	  mouse	  model	  
of	  SMA.	  First,	  we	  confirmed	  that	  SMN	  replacement	  is	  able	  to	  fully	  rescue	  this	  model	  
when	  given	  on	  P2	  as	  has	  been	  previously	  reported	  [102].	  Second,	  we	  observed	  that	  as	  
treatment	  is	  delayed,	  the	  resulting	  phenotypic	  benefit	  achieved	  is	  diminished.	  However,	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Figure	  5.6	  Unaffected	  mice	  injected	  with	  scAAV9-­‐GFP	  exhibit	  substantial	  GFP	  expression	  
in	  peripheral	  organs	  when	  injected	  on	  either	  P2	  or	  P7.	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even	  when	  treatment	  was	  administered	  when	  overt	  SMA-­‐like	  symptoms	  were	  present	  
(P8)	  a	  significant,	  albeit	  lesser,	  phenotypic	  improvement	  was	  seen.	  	  
It	  is	  encouraging	  to	  see	  that	  our	  investigation	  into	  the	  therapeutic	  window	  
produced	  similar	  results	  to	  transgenic	  approaches	  previously	  described.	  In	  an	  inducible	  
transgenic	  model,	  whereby	  SMN	  is	  induced	  by	  administration	  of	  doxycycline,	  embryonic	  
or	  early	  postnatal	  induction	  of	  SMN	  resulted	  in	  a	  dramatic	  rescue	  of	  SMA	  mice.	  
Conversely,	  later	  induction	  (P6)	  resulted	  in	  a	  significantly	  reduced	  rescue	  suggesting	  that	  
there	  is	  a	  critical	  window	  in	  which	  SMN	  must	  be	  expressed	  in	  order	  to	  effectively	  rescue	  
[171].	  Similarly,	  in	  a	  mouse	  model	  harboring	  a	  cre-­‐inducible	  SMN	  rescue	  allele,	  early	  
induction	  (P4)	  of	  SMN	  resulted	  in	  the	  most	  profound	  rescue.	  Induction	  at	  later	  time	  
points	  (P6,P8,P10)	  resulted	  in	  a	  decreasingly	  substantial	  phenotypic	  rescue,	  with	  mice	  
receiving	  SMN	  induction	  at	  P10	  not	  being	  significantly	  different	  than	  SMA	  mice	  in	  terms	  
of	  lifespan	  [168].	  	  
Other	  therapeutic	  approaches	  to	  investigate	  temporal	  requirements	  of	  SMN	  
have	  shown	  similar	  results	  as	  well.	  However,	  those	  conducted	  have	  yielded	  similar	  
results	  to	  our	  study	  and	  the	  aforementioned	  transgenic	  approaches.	  	  A	  study	  
investigating	  scAAV9-­‐SMN	  IV	  delivery	  at	  four	  postnatal	  timepoints	  (P1,	  P2,	  P5,	  and	  P10)	  
in	  the	  SMNΔ7	  model	  showed	  that	  injection	  at	  P1	  and	  P2	  produced	  a	  full	  lifespan	  rescue.	  
At	  P5	  the	  rescue	  is	  much	  less	  pronounced.	  By	  P10	  delivery	  of	  scAAV9-­‐SMN	  no	  longer	  
produces	  any	  phenotypic	  benefit	  [102].	  The	  key	  difference	  between	  this	  study	  and	  ours	  
lies	  in	  the	  injection	  technique	  as	  the	  same	  viral	  dose	  was	  used	  (1e11	  vg).	  ICV	  injection	  at	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P5	  resulted	  in	  ~30%	  of	  mice	  surviving	  past	  100	  days,	  while	  IV	  injection	  produced	  a	  
maximum	  lifespan	  of	  30	  days	  highlighting	  the	  importance	  of	  route	  of	  delivery	  [112,113].	  	  
In	  the	  severe	  mouse	  model,	  in	  which	  symptoms	  are	  evident	  at	  birth,	  delivery	  of	  
2e11	  vg	  at	  P1	  produces	  a	  significant	  extension	  of	  lifespan	  (7.5	  to	  17	  days)	  [113].	  Thus,	  
delivery	  of	  scAAV9-­‐SMN	  after	  the	  onset	  of	  symptoms	  in	  both	  the	  SMNΔ7	  and	  severe	  
models	  is	  able	  to	  modestly	  improve	  survival;	  however,	  not	  to	  the	  same	  extent	  as	  
delivery	  prior	  to	  symptom	  onset.	  
Another	  therapeutic	  approach,	  antisense	  technology,	  is	  often	  utilized	  in	  SMA	  
research	  to	  increase	  SMN	  protein	  levels	  by	  modulating	  SMN2	  splicing.	  Antisense	  
oligomers	  (ASOs)	  to	  block	  an	  intronic	  splice	  silencer,	  ISS-­‐N1,	  have	  been	  demonstrated	  to	  
significantly	  increase	  full-­‐length	  SMN2	  transcript	  levels	  and	  SMN	  protein	  in	  the	  brain	  
and	  spinal	  cord	  of	  the	  SMNΔ7	  model	  [125,172].	  When	  the	  ISS-­‐N1	  ASO	  was	  administered	  
by	  ICV	  injection	  on	  P1,	  survival	  was	  extended	  from	  15	  to	  100	  days.	  However,	  delaying	  
delivery	  until	  P4	  decreased	  the	  efficacy	  of	  the	  antisense	  therapy.	  Furthermore,	  IV	  
administration	  on	  P1	  resulted	  in	  survival	  comparable	  to	  P1	  ICV	  treatment.	  However,	  
when	  delivery	  was	  delayed	  until	  P4,	  the	  IV	  injected	  group	  exhibited	  decreased	  survival	  
compared	  to	  the	  ICV	  treated	  group.	  	  
Taken	  together,	  these	  studies	  highlight	  the	  need	  for	  early,	  pre-­‐symptomatic,	  
therapeutic	  intervention	  in	  order	  to	  achieve	  maximum	  therapeutic	  benefit.	  However,	  in	  
the	  extent	  that	  these	  results	  can	  be	  extrapolated	  to	  clinic,	  our	  study	  and	  the	  others	  
mentioned	  offer	  hope	  for	  therapeutic	  benefit	  even	  in	  symptomatic	  patients.	  	  	  	  
Understanding	  why	  scAAV9-­‐SMN	  efficiency	  diminishes	  when	  treatment	  is	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delayed	  would	  shed	  light	  on	  disease	  pathogenesis	  and	  aid	  in	  the	  development	  of	  AAV	  
vectors	  as	  therapeutics.	  One	  possibility	  is	  the	  inability	  of	  the	  virus	  to	  escape	  from	  the	  
CNS	  following	  an	  ICV	  injection	  at	  later	  timepoints.	  As	  many	  peripheral	  organs	  and	  
tissues	  have	  been	  reported	  to	  be	  affected	  in	  both	  SMA	  patients	  and	  animal	  models	  (for	  
review	  see[30]),	  the	  ability	  scAAV9	  to	  cross	  the	  BBB	  is	  likely	  necessary	  to	  achieve	  a	  full	  
lifespan	  rescue.	  It	  is	  known	  that	  scAAV9	  crosses	  the	  blood-­‐brain-­‐barrier	  (BBB)	  in	  P2	  
neonatal	  mice	  [90].	  However,	  the	  ability	  of	  scAAV9	  to	  permeate	  the	  blood-­‐brain-­‐barrier	  
at	  later	  timepoints	  is	  not	  known.	  To	  investigate	  this,	  we	  injected	  scAAV9-­‐GFP	  into	  
unaffected	  animals	  and	  observed	  GFP	  expression	  in	  peripheral	  organs	  (Figure	  6).	  Our	  
findings	  demonstrate	  the	  even	  when	  scAAV9-­‐GFP	  is	  delivered	  on	  P7,	  robust	  GFP	  
expression	  in	  all	  peripheral	  organs	  examined	  is	  observed.	  Thus,	  inability	  of	  the	  virus	  to	  
cross	  the	  BBB	  is	  not	  the	  reason	  for	  the	  lack	  of	  rescue	  observed	  in	  mice	  treated	  at	  later	  
timepoints.	  	  	  
As	  low	  levels	  of	  SMN	  result	  in	  the	  specific	  loss	  of	  lower	  motor	  neurons,	  SMN	  
replacement	  in	  those	  cells	  is	  critical	  for	  AAV-­‐mediated	  gene	  therapy.	  Previous	  studies	  
have	  shown	  that	  following	  a	  P2	  IV	  injection	  of	  scAAV9-­‐GFP,	  approximately	  42%	  of	  
lumbar	  spinal	  motor	  neurons	  were	  transduced	  [90].	  The	  number	  of	  motor	  neurons	  
transduced	  after	  ICV	  injection	  at	  P2	  is	  unknown.	  However,	  it	  is	  expected	  that	  
transduction	  levels	  would	  be	  equal	  to	  or	  more	  than	  that	  observed	  following	  an	  IV	  
injection.	  It	  is	  not	  known	  if	  or	  how	  transduction	  levels	  change	  as	  treatment	  is	  delayed.	  
Reduced	  motor	  neuron	  transduction	  could	  explain	  a	  lack	  of	  phenotypic	  improvement	  
when	  treatment	  is	  delayed.	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Additionally,	  the	  extent	  of	  motor	  neuron	  loss	  in	  the	  SMNΔ7	  model	  reported	  in	  
the	  literature	  varies	  greatly.	  Some	  publications	  report	  no	  motor	  neuron	  loss	  at	  P4	  [65]	  
while	  others	  observe	  up	  to	  a	  50%	  reduction	  in	  motor	  neurons	  at	  the	  same	  timepoint	  
[27].	  Even	  if	  motor	  neurons	  are	  present,	  they	  may	  be	  functionally	  compromised.	  
Therefore,	  it	  remains	  a	  possibility	  that	  an	  insufficient	  population	  of	  functional	  motor	  
neurons	  are	  available	  at	  later	  timepoints,	  rendering	  SMN	  replacement	  less	  beneficial.	  	  
Another	  possibility	  for	  the	  lack	  of	  rescue	  may	  be	  the	  accumulation	  of	  irreversible	  
neuromuscular	  junction	  (NMJ)	  defects.	  At	  P2,	  NMJs	  in	  SMA	  and	  unaffected	  littermates	  
are	  indistinguishable.	  However,	  by	  P5	  ∼25%	  of	  all	  nerve	  terminals	  in	  SMA	  mice	  appear	  
thick	  and	  swollen	  with	  abnormal	  NF	  aggregates.	  As	  the	  animals	  age,	  there	  is	  a	  
progressive	  increase	  in	  the	  number	  of	  such	  defective	  terminal	  axons,	  reaching	  ∼90%	  by	  
P14.	  Additionally,	  SMA	  axons	  fail	  to	  form	  the	  fine	  terminal	  arbors	  characteristically	  
found	  as	  early	  as	  P8	  at	  normal	  NMJs.	  There	  have	  been	  varying	  reports	  as	  to	  the	  
appearance	  of	  unoccupied	  endplates	  in	  SMA	  animals,	  with	  some	  groups	  reporting	  
significant	  denervation	  and	  other	  reporting	  a	  lack	  thereof	  [67,173].	  However,	  the	  
absence	  of	  anatomically	  denervated	  endplates	  in	  SMA	  mice	  does	  not	  suggest	  that	  these	  
endplates	  have	  maintained	  their	  functionality.	  Further	  investigation	  will	  be	  needed	  to	  
determine	  if	  these	  NMJ	  defects	  contribute	  to	  the	  inability	  of	  sAAV9-­‐SMN	  to	  rescue	  
when	  administration	  is	  delayed.	  
Understanding	  the	  underlying	  reason	  as	  to	  the	  insufficiency	  of	  later	  therapeutic	  
treatment	  to	  fully	  rescue	  may	  aid	  in	  the	  development	  of	  new	  therapeutics	  and	  the	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betterment	  of	  existing	  ones.	  Nonetheless,	  early	  therapeutic	  intervention	  may	  be	  critical	  
for	  therapeutic	  success.	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CHAPTER	  SIX:	  RESTORATION	  OF	  SMN	  TO	  EMX-­‐1	  EXPRESSING	  CORTICAL	  NEURONS	  IS	  
NOT	  SUFFICIENT	  TO	  PROVIDE	  BENEFIT	  TO	  A	  SEVERE	  MOUSE	  MODEL	  OF	  SPINAL	  
MUSCULAR	  ATROPHY	  
	  
This	  work	  has	  been	  published	  in	  Transgenic	  Research	  [174]	  and	  reprinted	  with	  
permission.	  
Abstract	  
Detailed	  analysis	  of	  neuromuscular	  junctions	  in	  SMA	  mice	  has	  revealed	  a	  
selective	  vulnerability	  in	  a	  subset	  of	  muscle	  targets,	  suggesting	  that	  while	  SMN	  is	  
reduced	  uniformly,	  the	  functional	  deficits	  manifest	  sporadically.	  Additionally,	  in	  severe	  
SMA	  models,	  it	  is	  becoming	  increasing	  apparent	  that	  SMA	  is	  not	  restricted	  solely	  to	  
motor	  neurons.	  Rather,	  additional	  tissues	  including	  the	  heart,	  vasculature,	  and	  the	  
pancreas	  contribute	  to	  the	  complete	  SMA-­‐associated	  pathology.	  Recently,	  transgenic	  
models	  have	  been	  utilized	  to	  examine	  the	  tissue-­‐specific	  requirements	  of	  SMN,	  
including	  selective	  depletion	  and	  restoration	  of	  SMN	  in	  motor	  neurons.	  To	  determine	  
whether	  the	  cortical	  neuronal	  populations	  expressing	  the	  Emx-­‐1	  promoter	  are	  involved	  
in	  SMA	  pathology,	  we	  generated	  a	  novel	  SMA	  mouse	  model	  in	  which	  SMN	  expression	  
was	  specifically	  induced	  in	  Emx-­‐1	  expressing	  cortical	  neurons	  utilizing	  an	  Emx-­‐1-­‐Cre	  
transgene.	  While	  SMN	  expression	  was	  robust	  in	  the	  central	  nervous	  system	  as	  expected,	  
SMA	  mice	  did	  not	  live	  longer.	  Weight	  and	  time-­‐to-­‐right	  motor	  function	  were	  not	  
significantly	  improved.	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Recently,	  SMA	  animal	  models	  have	  been	  developed	  to	  examine	  the	  temporal	  and	  spatial	  
role	  of	  SMN	  in	  SMA	  development.	  The	  human	  skeletal	  actin	  (HSA)	  and	  prion	  promoters	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(PrP)	  were	  used	  to	  drive	  SMN	  expression	  in	  severe	  SMA	  mice	  that	  typically	  die	  within	  
the	  first	  week	  of	  life	  [65].	  High	  levels	  of	  muscle	  expression	  from	  the	  HSA	  promoter	  failed	  
to	  alter	  the	  life	  span	  of	  the	  animals;	  however,	  SMN	  expression	  driven	  by	  the	  pan-­‐
neuronal	  PrP	  cassette	  significantly	  extended	  survival	  beyond	  150	  days.	  The	  PrP	  cassette	  
is	  widely	  expressed	  in	  the	  central	  nervous	  system	  including	  a	  broad	  range	  of	  neurons	  as	  
well	  as	  astrocytes.	  Olig2-­‐Cre	  mediated	  depletion	  of	  SMN	  within	  motor	  neurons	  and	  
oligodendrocytes	  in	  an	  otherwise	  wildtype	  background	  led	  to	  an	  SMA	  phenotype	  that	  
significantly	  impacted	  skeletal	  muscle	  and	  motor	  neuron	  pathology	  as	  well	  as	  motor	  
neuron	  function	  [175].	  Interestingly,	  however,	  Olig2-­‐Cre	  mediated	  depletion	  of	  SMN	  did	  
not	  lead	  to	  an	  early	  death	  similar	  to	  several	  SMA	  mouse	  models	  that	  express	  uniformly	  
low	  SMN	  levels	  systemically.	  Hb9-­‐driven	  restoration	  of	  SMN	  in	  motor	  neurons	  
significantly	  improved	  the	  neuromuscular	  junction	  phenotypes	  in	  severe	  SMA	  mice;	  
however,	  survival	  in	  Hb9-­‐rescued	  mice	  was	  only	  extended	  ~5	  days,	  to	  a	  total	  lifespan	  of	  
~2	  weeks	  [26].	  Similarly,	  Nestin-­‐mediated	  restoration	  of	  SMN	  in	  neuronal	  populations	  
(including	  motor	  neurons)	  does	  mitigate	  central	  and	  peripheral	  synaptic	  defects,	  
however,	  the	  average	  life	  span	  is	  only	  extended	  from	  ~2.5	  days	  to	  ~10	  days	  [176].	  These	  
results	  suggest	  that	  while	  motor	  neurons	  are	  clearly	  important,	  additional	  cellular	  
populations	  could	  contribute	  to	  the	  complex	  SMA	  pathology.	  Consistent	  with	  this,	  in	  
severe	  SMA	  mice,	  a	  severe	  and	  progressive	  defect	  is	  present	  in	  proprioceptive	  reflexes	  
that	  correlate	  with	  decreased	  function	  and	  number	  of	  synapses	  on	  motor	  neuron	  
somata	  and	  proximal	  dendrites	  [27].	  These	  results	  and	  the	  identification	  of	  peripheral	  
defects	  in	  SMA	  mice	  [162,163,177-­‐179]	  demonstrate	  that	  the	  comprehensive	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pathological	  picture	  within	  severe	  SMA	  contexts	  is	  remarkably	  complex	  and	  will	  likely	  
encompass	  not	  only	  motor	  neurons,	  but	  additional	  cells	  within	  the	  central	  nervous	  
system	  as	  well	  as	  the	  periphery.	  
To	  further	  examine	  the	  role	  of	  SMN	  within	  the	  central	  nervous	  system,	  we	  
generated	  a	  novel	  SMA	  mouse	  model	  in	  which	  SMN	  expression	  was	  specifically	  restored	  
in	  cortical	  neurons	  utilizing	  an	  Emx-­‐1-­‐Cre	  transgene	  [180,181].	  While	  SMN	  was	  
expressed	  highly	  as	  anticipated,	  the	  overall	  pathology	  and	  survival	  of	  the	  SMA-­‐Emx1-­‐Cre	  
mice	  was	  not	  significantly	  altered.	  While	  Emx-­‐1	  mediated	  induction	  of	  SMN	  does	  not	  
alter	  the	  SMA	  phenotype,	  this	  work	  further	  delineates	  tissues	  which	  are	  and	  are	  not	  
responsible	  for	  the	  complex	  SMA	  pathology.	  
Materials	  and	  Methods	  
Genotyping	  and	  Mouse	  Handling	  
Animals	  were	  handled	  according	  to	  the	  University	  of	  Missouri	  Animal	  Care	  and	  
Use	  Committee	  approved	  protocols.	  Mice	  were	  bred	  according	  to	  the	  schematic	  
presented	  in	  (Figure	  6.1B).	  The	  day	  of	  birth	  was	  counted	  as	  P1	  with	  neonates	  being	  
genotyped	  within	  24	  h.	  Animals	  were	  genotyped	  using	  PCR	  conditions	  as	  previously	  
described	  [155].	  SMA	  mice	  were	  raised	  with	  2	  heterozygous	  siblings.	  Additional	  
heterozygous	  and	  wild-­‐type	  animals	  were	  culled	  at	  the	  time	  of	  injection	  in	  experimental	  
cages	  to	  control	  for	  litter	  size.	  
Tissue	  collection	  for	  PCR	  
In	  order	  to	  harvest	  tissue	  for	  DNA	  purification,	  the	  vertebral	  column	  was	  
separated	  from	  the	  torso	  and	  the	  spinal	  cord	  was	  removed.	  The	  brain	  was	  dissected	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from	  the	  skull	  and	  divided	  into	  four	  equal	  sections.	  Total	  DNA	  was	  purified	  from	  the	  
tissues	  using	  the	  Qiagen	  DNeasy	  Blood	  and	  Tissue	  Kit.	  
Western	  Blot	  Analysis	  
Tissues	  were	  harvested	  at	  indicated	  times	  and	  analysis	  was	  performed	  as	  
previously	  described	  [138,157].	  Mouse	  monoclonal	  anti-­‐SMN	  (BDBiolabs),	  1:2,000,	  was	  
used	  for	  SMN	  detection.	  Equal	  protein	  amounts	  were	  loaded	  as	  analyzed	  by	  Bradford	  
protein	  assay	  [182].	  
Motor	  Function	  Analysis	  
Time	  to	  right	  was	  measured	  from	  P5	  to	  death.	  Mice	  were	  placed	  on	  their	  backs	  
and	  given	  a	  maximum	  of	  30	  s	  to	  right	  themselves	  on	  to	  their	  paws.	  Inability	  to	  right	  
within	  30	  s	  was	  considered	  failure.	  
Results	  
To	  determine	  if	  restoration	  of	  SMN	  levels	  in	  a	  subset	  of	  neurons,	  specifically	  Emx-­‐1	  
expressing	  cortical	  neurons,	  impacted	  disease	  development	  in	  a	  relatively	  severe	  model	  
of	  SMA	  we	  utilized	  a	  previously	  developed	  mouse	  strain	  that	  expresses	  a	  targeted	  
mutation	  within	  the	  Smn	  gene	  (JaxStock#7951).	  The	  Smn	  gene	  has	  been	  modified	  such	  
that	  it	  consists	  of	  Smn	  genomic	  sequence	  fused	  to	  the	  3ʹ′	  end	  of	  the	  human	  SMN2	  gene,	  
allowing	  for	  a	  Cre-­‐mediated	  recombination	  event	  that	  replaces	  the	  human	  SMN2	  exon	  7	  
sequence	  with	  the	  murine	  Smn	  exon	  7	  sequence	  [168].	  The	  recombined	  allele	  effectively	  
restored	  full-­‐length	  SMN	  expression	  in	  a	  tissue-­‐specific	  manner	  and	  does	  not	  generate	  
the	  typical	  SMN2	  alternative	  splicing	  event.	  In	  the	  current	  model,	  the	  Emx-­‐1	  promoter	  
was	  used	  to	  drive	  expression	  of	  Cre	  recombinase	  (JaxStock#5628)	  [180,183,184],	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resulting	  in	  a	  restoration	  of	  full-­‐length	  SMN	  protein	  in	  cortical	  neurons.	  In	  all	  other	  
tissues,	  in	  the	  absence	  of	  Cre	  recombinase,	  the	  hybrid	  allele	  results	  in	  an	  mSmn	  gene	  
analogous	  to	  human	  SMN2	  and	  produces	  low	  levels	  of	  full	  length	  SMN	  protein.	  This	  
promoter	  drives	  the	  expression	  of	  Cre	  within	  the	  cortical	  neurons	  of	  the	  motor	  cortex,	  
but	  not	  in	  the	  lower	  motor	  neurons	  of	  the	  spinal	  cord	  (Figure	  6.1A).	  Mice	  homozygous	  
for	  the	  non-­‐	  recombined	  targeted	  mutation	  display	  a	  phenotype	  similar	  to	  that	  of	  the	  
well-­‐characterized	  SMN∆7	  mouse	  model	  (JaxStock#5025)	  [65].	  Thus,	  the	  experimental	  
mice	  express	  wild	  type	  levels	  of	  SMN	  only	  in	  the	  cortical	  neurons	  of	  the	  brain	  in	  the	  
presence	  of	  Cre	  recombinase	  (Figure	  6.1B).	  
To	  ensure	  that	  the	  Cre-­‐mediated	  recombination	  event	  has	  in	  fact	  occurred	  in	  the	  
experimental	  mice,	  PCR	  was	  used	  to	  identify	  the	  unique	  recombined	  genomic	  element	  
(Figure	  6.2A,B).	  As	  anticipated,	  the	  recombination	  event	  was	  easily	  detected	  in	  brain	  
tissue	  in	  mice	  expressing	  Cre	  recombinase.	  Conversely,	  recombination	  was	  not	  detected	  
in	  spinal	  cord	  tissue	  even	  in	  the	  presences	  of	  Cre	  recombinase,	  indicating	  that	  Emx-­‐1	  Cre	  
promoter	  was	  not	  expressing	  in	  lower	  motor	  neurons.	  To	  examine	  SMN	  levels	  following	  
the	  recombination	  event,	  Western	  blot	  analysis	  was	  performed	  on	  brain	  extract	  from	  
animals	  using	  an	  anti-­‐SMN	  monoclonal	  antibody	  (Figure	  6.2C).	  SMN	  levels	  were	  
expectedly	  low	  in	  the	  SMA	  animals	  (mSMNTm3/Tm3,	  Cre−)	  and	  high	  in	  the	  unaffected	  
control	  extracts	  (mSMNTm3/WT,	  Cre−),	  while	  SMN	  was	  increased	  in	  the	  experimental	  
animals	  expressing	  Cre	  (mSMNTm3/Tm3,	  Cre+),	  demonstrating	  that	  the	  recombination	  
event	  was	  efficient	  and	  resulted	  in	  increased	  SMN	  protein	  levels.	  
	   To	  determine	  whether	  an	  increase	  in	  SMN	  in	  Emx-­‐1	  expressing	  cortical	  neurons	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Figure	  6.1	  Emx1-­‐mediated	  SMN	  expression	  in	  cortical	  neurons.	  (A)	  Schematic	  showing	  
the	  Tm3	  allele	  in	  the	  presence	  and	  absence	  of	  Cre	  recombinase.	  In	  the	  presence	  of	  Cre	  
recombinase,	  WT	  mSMN	  exon	  7	  is	  expressed,	  leading	  to	  full-­‐length	  SMN	  production.	  (B)	  
Breeding	  schematic	  demonstrating	  the	  generation	  of	  the	  experimental	  animals	  used	  in	  
this	  study.	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Figure	  6.2	  (A)	  PCR,	  using	  wild	  type	  and	  mutant	  specific	  primers,	  confirms	  that	  the	  Cre-­‐
mediated	  recombination	  event	  occurs	  in	  the	  brain	  of	  Cre+	  animals.	  Conversely,	  no	  Cre-­‐
mediated	  recombination	  is	  seen	  in	  the	  spinal	  cord	  of	  these	  animals.	  (B)	  In	  Cre+	  animals,	  
there	  is	  a	  detectable	  inversion	  event	  in	  the	  brain	  resulting	  in	  a	  170	  bp	  product,	  
distinguishable	  from	  the	  143	  bp	  wild	  type	  product.	  (C)	  Western	  blot	  showing	  protein	  
expression	  is	  increased	  to	  near	  normal	  levels	  in	  the	  brain	  of	  SMA-­‐Emx1-­‐Cre;	  Tm3+/+	  mice	  
following	  Cre	  recombinase	  mediated	  SMN	  induction.	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Figure	  6.3	  (A)	  SMA-­‐Emx1-­‐Cre;	  Tm3+/+	  animals	  do	  not	  display	  any	  significant	  increase	  in	  
total	  body	  weight	  at	  any	  time	  point	  when	  compared	  to	  SMA	  control	  animals.	  (B)	  There	  is	  
no	  significant	  difference	  in	  peak	  weight	  between	  Cre+	  and	  control	  SMA	  animals.	  Both	  
have	  a	  peak	  weight	  of	  ~4g.	  (C)	  Onset	  of	  weight	  loss	  for	  both	  SMA-­‐Emx1-­‐Cre;	  Tm3+/+	  and	  
control	  SMA	  animals	  occurs	  at	  ~P10.	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decreased	  disease	  severity	  in	  the	  SMA	  mice,	  well	  characterized	  components	  of	  the	  
disease	  phenotype	  were	  examined.	  In	  the	  SMA	  mice,	  disease	  progression	  is	  very	  severe	  
and	  animals	  rarely	  gain	  much	  weight,	  typically	  no	  more	  than	  4	  g	  total	  body	  weight.	  To	  
determine	  whether	  SMA-­‐Emx1-­‐Cre;	  Tm3+/+	  animals	  exhibited	  increased	  weight	  gain,	  
animals	  were	  weighed	  daily	  from	  birth	  until	  death.	  At	  no	  time	  point	  was	  there	  a	  
statistically	  significant	  difference	  in	  the	  average	  weight	  between	  the	  SMA	  control	  and	  
Emx1-­‐SMN	  transgenic	  animals	  (Figure	  6.3A).	  To	  examine	  these	  data	  more	  closely,	  two	  
additional	  factors	  were	  analyzed:	  the	  peak	  weight	  (Figure	  6.3B)	  and	  the	  onset	  of	  weight	  
loss	  (Figure	  6.3C).	  In	  each	  instance,	  SMA	  control	  and	  experimental	  SMA-­‐Emx1-­‐Cre;	  
Tm3+/+	  animals	  initiated	  weight	  loss	  at	  approximately	  the	  same	  time	  point,	  P10,	  and	  
both	  groups	  achieved	  the	  same	  peak	  weight	  of	  approximately	  4	  g.	  Collectively,	  these	  
results	  demonstrate	  that	  while	  weight	  is	  an	  important	  component	  of	  the	  SMA	  
phenotype,	  there	  was	  no	  statistically	  significant	  difference	  between	  SMA	  and	  SMA-­‐
Emx1-­‐Cre;	  Tm3+/+	  animals,	  even	  though	  high	  levels	  of	  SMN	  were	  present	  in	  cortical	  
neurons.	  
In	  addition	  to	  poor	  weight	  gain,	  the	  control	  SMA	  mice	  have	  a	  severely	  shortened	  
life	  span,	  averaging	  approximately	  14	  days	  (Figure	  6.4).	  To	  determine	  whether	  
increasing	  SMN	  in	  cortical	  neurons	  driven	  by	  Emx1	  extended	  survival,	  the	  lifespans	  for	  
SMA	  control	  and	  SMA-­‐Emx1-­‐Cre;	  Tm3+/+	  animals	  were	  determined.	  While	  there	  were	  
modest	  differences	  in	  the	  Kaplan-­‐Meir	  curves,	  the	  average	  lifespans	  for	  the	  two	  groups	  
were	  nearly	  identical	  and	  were	  statistically	  insignificant	  (P	  =	  0.66)	  (Figure	  6.4).	  
Furthermore,	  the	  SMA-­‐Emx1-­‐Cre;	  Tm3+/+	  animals	  did	  not	  exhibit	  increased	  motor	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function	  as	  measured	  by	  time-­‐to-­‐right	  assays	  compared	  to	  their	  untreated	  SMA	  
littermates	  (data	  not	  shown).	  These	  results	  demonstrate	  that	  while	  a	  growing	  list	  a	  
tissues	  and	  cell	  types	  have	  been	  implicated	  as	  contributing	  factors	  to	  the	  complex	  SMA	  
phenotype,	  repletion	  of	  SMN	  specifically	  within	  cortical	  neurons	  mediated	  by	  the	  Emx-­‐1	  
promoter,	  is	  not	  sufficient	  to	  modify	  the	  SMA	  phenotype.	  
Discussion	  
Only	  in	  this	  type	  of	  controlled	  genetic	  experiment	  was	  it	  possible	  to	  ask	  whether	  SMN	  
restoration	  in	  Emx-­‐1	  expressing	  cortical	  neurons	  is	  sufficient	  to	  decrease	  disease	  
severity.	  While	  our	  results	  indicate	  that	  SMN	  restoration	  in	  Emx1-­‐positive	  neurons	  does	  
not	  reduce	  disease	  severity,	  they	  are	  not	  wholly	  unexpected	  as	  the	  phenotype	  of	  this	  
novel	  animal	  model	  is	  consistent	  with	  the	  clinical	  descriptions	  of	  SMA	  regarding	  the	  role	  
of	  cortical	  neurons	  [185,186].	  In	  this	  study,	  we	  restored	  SMN	  expression	  in	  Emx-­‐1	  
expressing	  cortical	  neurons	  on	  a	  constitutively	  low	  full-­‐length	  SMN	  background,	  closely	  
resembling	  the	  well-­‐characterized	  severe	  model	  of	  SMA	  referred	  to	  as	  SMNΔ7.	  It	  is	  
possible,	  however,	  that	  by	  restoring	  SMN	  expression	  to	  Emx-­‐1	  expressing	  cortical	  
neurons	  in	  a	  less	  severe	  model,	  this	  could	  result	  in	  phenotypic	  improvement	  as	  the	  
SMNΔ7	  model	  likely	  represents	  a	  relatively	  severe	  subpopulation	  of	  SMA	  patients	  
analogous	  to	  severe	  Type	  I	  individuals.	  Less	  severe	  models	  have	  recently	  been	  described	  
that	  appear	  to	  be	  more	  amenable	  to	  SMN-­‐independent	  therapeutic	  strategies,	  such	  as	  
the	  ROCK	  inhibitor	  Y-­‐27632	  [144,187].	  Alternatively,	  it	  is	  possible	  that	  other	  
subpopulations	  of	  cortical	  neurons	  and/or	  glia	  that	  do	  not	  express	  Emx-­‐1	  could	  
contribute	  to	  disease	  pathology.	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Figure	  6.4	  Mantel-­‐Cox	  survival	  curve	  demonstrating	  that	  there	  are	  no	  significant	  
differences	  between	  the	  lifespan	  of	  Cre+	  and	  control	  SMA	  animals	  (P	  =	  0.66).	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Recent	  publications	  confirm	  the	  need	  to	  continue	  to	  investigate	  the	  role	  of	  other	  
neuronal	  and	  glial	  cell	  types,	  especially	  those	  present	  in	  brain	  regions	  that	  are	  
particularly	  vulnerable	  to	  the	  low	  SMN	  levels	  present	  in	  SMA	  such	  as	  the	  motor	  cortex,	  
hippocampus,	  and	  dentate	  gyrus	  [167].	  Somewhat	  surprisingly,	  the	  specific	  restoration	  
of	  SMN	  in	  motor	  neurons	  in	  SMA	  mice,	  or	  the	  specific	  depletion	  of	  SMN	  in	  motor	  
neurons	  in	  wildtype	  mice,	  results	  in	  relatively	  mild	  changes	  in	  pathology	  [26,175].	  These	  
results	  suggest	  that	  either	  that	  the	  drivers	  are	  insufficiently	  restoring/depleting	  SMN,	  or,	  
that	  other	  cells	  contribute	  to	  SMA	  pathology.	  It	  is	  also	  necessary	  to	  look	  for	  overall	  
transmission	  defects	  in	  the	  motor	  circuitry	  composed	  of	  these	  cells.	  Perhaps,	  the	  cells	  
populations	  of	  the	  corticospinal	  tract	  between	  the	  brain	  and	  spinal	  cord,	  such	  as	  cortical	  
neurons,	  are	  more	  resistant	  to	  low	  SMN	  levels	  that	  those	  cells	  involved	  in	  the	  reflex	  arc	  
between	  the	  muscle	  and	  spinal	  cord	  where	  massive	  and	  progressive	  transmission	  failure	  
has	  been	  reported	  [27].	  Additionally,	  recent	  reports	  have	  shown	  a	  loss	  of	  the	  central	  
synapses	  of	  the	  spinal	  cord,	  highlighting	  the	  need	  for	  the	  examination	  of	  the	  glial	  cell	  
populations,	  such	  as	  astrocytes	  and	  microglia,	  that	  have	  key	  supporting	  roles	  at	  these	  
and	  other	  synapses	  [29].	  Continuing	  to	  look	  at	  the	  role	  of	  different	  neuronal	  and	  glial	  
cell	  populations	  will	  help	  to	  further	  unravel	  the	  mechanism	  behind	  SMA	  development	  in	  
addition	  to	  delineating	  tissue	  targets	  for	  potential	  therapeutics.	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CHAPTER	  SEVEN:	  	  IDENTIFICATION	  OF	  SMA	  DISEASE-­‐MODIFYING	  GENES	  AND	  MUTANT	  
FORMS	  OF	  SMN	  
	  
Abstract	  
We	   and	   others	   have	   shown	   that	   the	   SMNΔ7	   mouse	   model	   of	   SMA	   can	   be	  
rescued	  by	  delivering	  exogenous	  SMN	  via	   self	   complementary	  Adeno	  Associated	  Virus	  
(scAAV).	   These	   studies	   demonstrate	   that	   the	   scAAV9	   vector	   is	   a	   valuable	   tool	   for	  
delivery	   of	   genes	   to	   the	   central	   nervous	   system	   and,	   more	   specifically,	   to	   motor	  
neurons.	   	  With	   this	   foundation,	   the	   scAAV	  vector	  provides	  a	  means	   to	   investigate	   the	  
role	  of	  other	  genes	  and	  genetic	  modifiers	  thought	  to	  play	  a	  role	  in	  the	  pathogenesis	  of	  
SMA.	   In	   this	   report,	   we	   utilize	   scAAV	   to	   deliver	   genes	   and	   mutant	   forms	   of	   SMN	  
reported	   to	   potentially	  modify	   the	   SMA	   disease	   phenotype.	   By	   doing	   so,	   we	   identify	  
potential	  novel	  therapeutic	  targets.	  	  
Introduction	  
Several	   studies	   in	   recent	   years	   have	   demonstrated	   the	   efficacy	   of	   SMN1	   gene	  
replacement	  via	  AAV	  vectors	  [102,109-­‐112].	  These	  studies	  provide	  validation	  that	  gene	  
delivery	  using	  scAAV9	  is	  an	  effective	  way	  to	  target	  CNS	  cells,	  especially	  motor	  neurons	  
[102].	   Furthermore,	   they	   demonstrate	   that	   systemic	   scAAV9-­‐SMN	   delivery	   results	   in	  
robust	   SMN	   protein	   expression,	   capable	   of	   rescuing	   a	   severe	   SMA	   mouse	   model.	  
Collectively,	   these	   works	   provide	   a	   foundation	   upon	   which	   further	   development	   of	  
scAAV,	  both	  as	  a	  therapeutic	  and	  as	  a	  tool,	  can	  be	  built.	  	  
Interestingly,	  several	  genes	  and	  genetic	  modifiers	  have	  been	  suggested	  to	  play	  a	  
role	  in	  the	  pathogenesis	  of	  SMA.	  	  Prior	  even	  to	  the	  identification	  of	  the	  SMN	  gene,	  there	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were	  reports	  of	  SMA	  siblings	  with	  discordant	  phenotypes,	  all	  with	  some	  degree	  of	  
clinical	  manifestations	  [188].	  With	  the	  discovery	  of	  the	  SMN1	  gene,	  it	  was	  observed	  that	  
unaffected	  siblings	  could	  have	  a	  homozygous	  deletion	  of	  SMN1	  just	  like	  their	  
symptomatic	  siblings	  and	  that	  different	  types	  of	  patients	  were	  present	  in	  the	  same	  
family	  [21,189-­‐193].	  We	  now	  know	  that	  SMN2	  is	  the	  most	  critical	  disease-­‐modifying	  
gene,	  as	  SMN2	  copy	  number	  strongly	  correlates	  with	  disease	  severity	  [2].	  However,	  
several	  papers	  have	  reported	  a	  lack	  of	  association	  between	  SMN2	  copy	  number	  and	  
phenotype	  variability	  in	  siblings	  with	  homozygous	  deletion	  of	  or	  mutations	  in	  the	  SMN1	  
gene	  [2,192,194,195].	  In	  most	  of	  the	  families	  described,	  the	  less	  affected	  sibling	  was	  
female.	  This	  lead	  may	  people	  to	  suggest	  that	  gender-­‐related	  protective	  factors	  may	  
influence	  the	  SMA	  phenotype.	  However,	  there	  have	  also	  been	  reports	  of	  discordant	  
pairs	  of	  brothers	  and	  pairs	  of	  sisters.	  Furthermore,	  families	  where	  males	  were	  more	  
severely	  affected	  than	  female	  siblings	  have	  also	  been	  documented	  [2,195].	  The	  
occurrence	  of	  discordant	  siblings	  argues	  heavily	  for	  the	  presence	  of	  modifying	  genes.	  	  	  
It	  has	  been	  hypothesized	  that	  Plastin	  3,	  an	  F-­‐actin	  bundling	  protein,	  is	  a	  gender-­‐
specific	  SMA	  modifying	  gene.	  In	  2008,	  it	  was	  discovered	  that	  unaffected	  SMN1-­‐deleted	  
females	  have	  significantly	  higher	  Plastin	  3	  (PLS3)	  expression	  than	  their	  affected	  siblings	  
[49].	  PLS3	  is	  important	  for	  axogenesis	  by	  increasing	  F-­‐actin	  levels.	  Overexpression	  of	  
PLS3	  was	  shown	  to	  rescue	  the	  axon	  length	  and	  outgrowth	  defects	  associated	  with	  SMN	  
down-­‐regulation	  in	  primary	  SMA	  motor	  neurons	  and	  in	  zebrafish	  [49,196].	  However,	  
SMA	  mice,	  and	  likely	  human	  patients,	  do	  not	  have	  motor	  neuron	  axon	  outgrowth	  
defects	  in	  vivo,	  but	  rather	  fail	  to	  develop	  and	  maintain	  mature	  NMJs	  (for	  review	  see	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[197]).	  F-­‐actin	  is	  involved	  in	  actin	  caging	  of	  synaptic	  vesicles	  of	  the	  reserve	  pool	  and	  
their	  transport	  to	  active	  zones	  [198].	  The	  generation	  of	  a	  conditional	  PLS3-­‐
overexpressing	  mouse	  and	  its	  breeding	  onto	  an	  SMA	  background	  aided	  in	  the	  
elucidation	  of	  the	  biological	  mechanisms	  underlying	  PLS3-­‐mediated	  SMA	  protection	  
[199].	  Overexpression	  of	  PLS3	  on	  a	  severe	  SMA	  background	  increased	  motor	  neuron	  
soma	  size	  and	  proprioceptive	  inputs	  compared	  to	  SMA	  mice.	  Furthermore,	  PLS3	  
increased	  presynaptic	  F-­‐actin	  amounts,	  rescued	  synaptic	  vesicle	  and	  active	  zone	  
content,	  restored	  the	  organization	  of	  readily	  releasable	  pools	  of	  vesicles,	  and	  increased	  
the	  quantal	  content	  of	  neuromuscular	  junctions	  (NMJs).	  NMJs	  in	  PLS3	  overexpressing	  
animals	  were	  improved	  as	  was	  their	  survival	  and	  motor	  function	  [199].	  PLS3	  seems	  to	  
act	  independently	  of	  SMN,	  making	  it	  a	  potential	  therapeutic	  target	  not	  only	  for	  SMA,	  
but	  for	  other	  motor	  neuron	  diseases	  as	  well.	  	  
	  Another	  potential	  genetic	  modifier,	  a	  micro-­‐RNA	  (miRNA),	  known	  as	  miR-­‐9,	  has	  
been	  shown	  to	  be	  down-­‐regulated	  in	  the	  motor	  neurons	  of	  the	  severe	  mouse	  model	  of	  
SMA.	  miR-­‐9	  is	  a	  highly	  conserved	  neuronal-­‐specific	  miRNA	  shown	  to	  be	  involved	  in	  many	  
aspects	  of	  neurobiology.	  In	  order	  for	  neurons	  to	  properly	  function,	  neurofilament	  gene	  
expression	  must	  be	  tightly	  coordinated.	  Haramati	  et	  al.	  has	  shown	  that	  a	  neurofilament	  
heavy	  	  subunit,	  NEFH,	  previously	  implicated	  in	  motor	  neuron	  degeneration,	  is	  
specifically	  up-­‐regulated	  in	  miR-­‐9	  deficient	  motor	  neurons.	  Furthermore,	  they	  
demonstrate	  that	  NEFH	  is	  a	  target	  of	  miR-­‐9	  [200].	  NEFH	  harbors	  nine	  miR-­‐9	  binding	  
sites.	  In	  this	  way,	  miR-­‐9	  is	  involved	  in	  the	  tight	  regulation	  of	  proper	  neurofilament	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stoichiometry.	  Therefore,	  low	  levels	  of	  miR-­‐9	  in	  SMA	  motor	  neurons	  may	  be	  
contributing	  to	  their	  demise.	  	  	  
Candidate	  plasticity-­‐related	  gene	  15	  (cpg15)	  is	  highly	  expressed	  in	  the	  
developing	  ventral	  spinal	  cord	  and	  can	  promote	  motor	  axon	  branching	  and	  
neuromuscular	  synapse	  formation	  [201,202].	  Cpg15	  colocalizes	  with	  SMN	  in	  axons	  and	  
is	  locally	  translated	  in	  growth	  cones	  [44].	  	  HuD	  is	  a	  neuron-­‐specific	  binding	  protein	  and	  
binding	  partner	  of	  SMN	  and	  cpg15	  [44-­‐46].	  It	  has	  been	  shown	  that	  SMN	  deficiency	  
reduces	  cpg15	  mRNA	  levels	  in	  neurons.	  Recently,	  it	  was	  shown	  that	  cpg15	  is	  an	  mRNA	  
target	  for	  the	  SMN-­‐HuD	  complex	  [44].	  When	  cpg15	  is	  overexpressed,	  axonal	  deficits	  
seen	  in	  SMN	  deficient	  zebrafish	  can	  be	  partially	  rescued.	  Therefore,	  it	  seems	  that	  cpg15	  
may	  be	  a	  downstream	  effector	  of	  SMN	  in	  neurons	  and	  may	  serve	  as	  a	  critical	  disease	  
modifier	  through	  its	  role	  in	  axon	  extension	  and	  terminal	  differentiation.	  
In	  2007,	  an	  alternatively	  spliced	  SMN	  isoform,	  axonal-­‐SMN,	  was	  identified	  [203].	  
Axonal-­‐SMN	  (a-­‐SMN)	  originates	  from	  the	  retention	  of	  SMN	  intron	  3,	  resulting	  from	  the	  
alternative	  splicing	  of	  the	  SMN1	  gene	  in	  humans.	  In	  the	  spinal	  cord,	  a-­‐SMN	  is	  selectively	  
expressed	  in	  developing	  motor	  neurons	  and	  mainly	  localized	  in	  axons	  and	  dendritic	  
extensions.	  Overexpression	  of	  a-­‐SMN	  in	  neuronal	  cells	  stimulates	  motor	  neuron	  
axonogeneis	  in	  a	  time-­‐dependent	  fashion	  and	  induces	  axonal-­‐like	  growth	  even	  in	  non-­‐
neuronal	  cells,	  such	  as	  HeLa.	  Functional	  mapping	  of	  a-­‐SMN	  has	  shown	  that	  exons	  2b	  and	  
3	  are	  essential	  for	  the	  axonogenic	  effects	  seen	  in	  vitro.	  Because	  a-­‐SMN	  is	  a	  product	  of	  
the	  SMN1	  gene,	  its	  loss	  may	  be	  contributing	  to	  the	  disease	  pathogenesis.	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In	  addition	  to	  modifying	  genes,	  mutant	  forms	  of	  SMN	  may	  be	  able	  to	  modify	  the	  
disease	  pathogenesis	  and/or	  phenotype.	  It	  has	  been	  proposed	  that	  when	  SMN2	  is	  
spliced	  to	  create	  the	  SMNΔ7	  product,	  a	  degradation	  signal	  is	  created	  at	  SMNΔ7’s	  C-­‐
terminal	  15	  amino	  acids	  [204].	  In	  order	  to	  determine	  which	  amino	  acids	  where	  critical	  
for	  the	  activity	  of	  the	  degradation	  signal,	  degron,	  a	  series	  of	  mutants	  were	  generated.	  It	  
was	  found	  that	  a	  S270A	  mutation	  (SMNΔ7S270A)	  limits	  the	  proteosome	  degradation	  of	  
SMNΔ7	  and	  significantly	  increases	  its	  stability.	  SMNΔ7S270A	  was	  able	  to	  rescue	  SMN-­‐
deficient	  cells	  and	  was	  functional	  in	  snRNP	  assembly	  assays	  [204].	  These	  findings	  
indicate	  the	  SMNΔ7	  is	  a	  functional	  SMN	  protein	  and	  that	  its	  stabilization	  may	  be	  able	  to	  
lessen	  disease	  severity.	  	  	  
In	  this	  report,	  we	  examined	  these	  modifiers	  and	  mutant	  forms	  of	  SMN	  using	  
scAAV.	  	  By	  engineering	  the	  scAAV	  viral	  vector	  to	  express	  these	  genetic	  modifiers,	  we	  
were	  able	  to	  quickly	  and	  efficiently	  determine	  their	  effects	  in	  vivo.	  	  Doing	  so	  allowed	  for	  
the	  direct	  examination	  of	  the	  role	  of	  these	  modifiers	  on	  disease	  progression	  and	  the	  
SMA	  mouse	  phenotype.	  	  Investigating	  these	  modifying	  genes	  and	  mutant	  forms	  of	  SMN	  
furthers	  our	  understanding	  of	  disease	  pathogenesis	  opens	  the	  door	  to	  new	  therapeutic	  
targets	  for	  the	  treatment	  of	  this	  devastating	  disease.	  	  	  
Material	  and	  Methods	  
Genotyping	  and	  Mouse	  Handling	  	  
Animals	  were	  handled	  according	  to	  the	  University	  of	  Missouri	  Animal	  Care	  and	  
Use	  Committee	  approved	  protocols.	  To	  generate	  SMN2B/-­‐	  pups,	  SMN2B/2B	  animals	  were	  
bred	  with	  mSMN+/-­‐	  animals	  obtained	  from	  the	  Jackson	  Laboratory.	  Pups	  were	  tail	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snipped	  within	  24	  hours	  of	  birth	  and	  genotyped	  with	  primers	  and	  PCR	  conditions	  
previously	  described	  [129].	  	  Litters	  of	  treated	  SMA	  mice	  and	  untreated	  controls	  were	  
culled	  to	  four	  or	  five	  pups	  to	  control	  for	  litter	  size.	  
Production	  of	  scAAV9	  Viruses	  	  
Viral	  particles	  were	  produced	  via	  triple	  transfection	  in	  HEK	  293T	  cells	  using	  
polyethyleneimine	  prepared	  to	  a	  working	  concentration	  of	  1 mg/ml,	  pH	  5.0	  [73].	  The	  
scAAV	  plasmid	  was	  constructed	  to	  express	  the	  open	  reading	  frame	  of	  each	  modifying	  
gene.	  Viral	  particles	  were	  purified	  by	  three	  cesium	  chloride	  density-­‐gradient	  
ultracentrifugation	  steps	  and	  dialyzed	  against	  HEPES	  buffer.	  Viral	  particles	  were	  titered	  
by	  quantitative	  PCR	  using	  SYBR	  Green.	  
In	  Vivo	  Injections	  	  
On	  P2,	  SMA	  (SMN2B/-­‐)	  mice	  were	  injected	  with	  1e11	  viral	  particles.	  IV	  injections	  
were	  performed	  as	  previously	  described	  [149].	  	  
Motor	  Function	  Assays	  
	   A	  modified	  tube	  test	  was	  performed	  to	  assess	  the	  gross	  motor	  function	  of	  the	  
specified	  animals	  [205].	  The	  test	  was	  modified	  to	  use	  a	  large,	  swallow	  beaker,	  instead	  of	  
a	  conical	  tube	  due	  to	  the	  large	  size	  of	  the	  animals	  tested.	  All	  animals	  tested	  were	  
greater	  than	  100	  days	  of	  age.	  
Results	  and	  Discussion	  
In	  order	  to	  investigate	  the	  effects	  of	  the	  modifying	  genes	  and	  mutant	  forms	  of	  
SMN	  outlined	  in	  the	  introduction,	  we	  began	  by	  creating	  scAAV9	  vectors	  expressing	  each	  
modifier/mutant.	  In	  addition	  to	  the	  modifiers/mutants,	  viral	  particles	  expressing	  full-­‐
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length	  SMN1	  cDNA	  and	  SMNΔ7,	  the	  major	  product	  of	  the	  SMN2	  gene,	  were	  also	  
generated.	  From	  previous	  experiments,	  both	  transgenic	  and	  viral	  vector	  based,	  we	  were	  
able	  to	  anticipate	  the	  efficacy	  of	  these	  controls.	  	  	  
In	  this	  study,	  the	  recently	  described	  SMN2B/-­‐	  mouse	  model	  was	  utilized	  [50].	  
These	  mice	  represent	  an	  intermediate	  model	  of	  SMA,	  exhibiting	  a	  median	  lifespan	  of	  
approximately	  30	  days	  and	  a	  maximal	  weight	  gain	  of	  7	  grams.	  In	  this	  model	  the	  second	  
exonic	  splice	  enhancer	  of	  mSmn	  exon	  7	  was	  mutated	  by	  homologous	  recombination	  
causing	  the	  alternative	  splicing	  of	  exon	  7.	  As	  a	  consequence,	  exon	  7	  is	  skipped	  in	  the	  
majority	  of	  transcripts	  mimicking	  the	  splicing	  of	  human	  SMN2.	  The	  affected,	  
experimental	  mice	  are	  denoted	  as	  SMN2B/-­‐.	  
A	  viral	  dose	  of	  1e11	  vector	  genomes	  (vg)	  was	  delivered	  via	  intravenous	  (IV)	  
injection	  of	  the	  facial	  vein	  [149].	  The	  scAAV9-­‐SMN	  vector	  fully	  rescued	  the	  lifespan	  and	  
weight	  gain	  of	  SMN2B/-­‐	  pups	  (Figure	  7.1).	  scAAV9-­‐SMNΔ7	  produced	  a	  more	  modest	  
effect	  with	  median	  lifespan	  extending	  to	  ~45	  days	  (Figure	  7.2).	  Weight	  gain	  was	  only	  
marginally	  affected.	  These	  results	  were	  not	  unexpected	  given	  previous	  results	  in	  the	  
SMN2-­‐based	  severe	  and	  SMNΔ7	  mouse	  models.	  scAAV9-­‐SMN	  is	  able	  to	  fully	  rescue	  
SMNΔ7	  mouse	  model	  [102,109-­‐113].	  Transgenic	  overexpression	  of	  SMNΔ7	  cDNA	  is	  able	  
to	  extend	  the	  lifespan	  of	  the	  severe	  mouse	  model	  2-­‐3	  fold	  [65].	  These	  constructs	  
provide	  a	  framework	  to	  gauge	  the	  efficacy	  of	  the	  modifier/mutant	  vectors	  tested.	  	  
With	  the	  exception	  of	  a-­‐SMN	  and	  SMNΔ7S270A,	  all	  the	  tested	  modifiers,	  mir9,	  
plastin3,	  and	  cpg15,	  conveyed	  modest	  ~50%	  extension	  in	  lifespan,	  while	  weight	  gain	  
was	  relatively	  unaffected	  (Figure	  7.2).	  These	  results	  were	  similar	  to	  those	  seen	  with	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SMNΔ7.	  Interestingly,	  these	  modifiers	  affect	  different	  pathways	  implicated	  in	  SMA	  
pathogenesis.	  This	  may	  point	  towards	  the	  underlying	  complexity	  of	  SMA	  disease	  
development	  and	  progression.	  	  
During	  the	  course	  of	  these	  experiments,	  we	  observed	  that	  a	  small	  number	  of	  
mice	  significantly	  outperformed	  others	  in	  their	  respective	  treatment	  groups	  (Figure	  7.2).	  
These	  so	  called	  “escapees”	  were	  also	  observed	  in	  the	  untreated,	  SMN2B/-­‐,	  group.	  The	  
phenomenon	  was	  also	  observed	  in	  the	  colony	  of	  Dr.	  Rashmi	  Kothary	  who	  generated	  this	  
model	  [50].	  We	  believe	  that	  the	  long-­‐lived	  treated	  animals	  are	  intrinsic	  escapees,	  for	  
whom	  treatment	  produces	  a	  superficially	  exaggerated	  extension	  of	  lifespan.	  	  
Notably,	  axonal	  SMN	  significantly	  worsened	  the	  SMA	  phenotype	  (Figure	  7.1,7.2).	  
To	  control	  for	  toxicity	  issues	  arising	  from	  the	  preparation	  of	  the	  virus,	  the	  virus	  was	  
administered	  to	  unaffected,	  SMN2B/+	  animals	  and	  no	  adverse	  effects	  were	  observed.	  a-­‐
SMN	  contains	  exon	  2a	  and	  2b	  which	  are	  part	  of	  the	  homodimerization	  domain	  [203].	  
Because	  of	  the	  inclusion	  of	  intron	  3,	  a	  frameshift	  occurs	  resulting	  in	  a	  truncated	  protein	  
lacking	  critical	  functional	  domains,	  such	  as	  the	  tudor	  and	  profillin	  interacting	  domain	  
[203].	  Therefore,	  it	  is	  possible	  that	  overexpression	  of	  a-­‐SMN	  has	  a	  dominant	  negative	  
effect.	  Future	  dose	  titration	  studies	  may	  help	  to	  elucidate	  the	  mechanism	  underlying	  
this	  effect.	  	  	  
The	  most	  profound	  effect	  was	  seen	  following	  the	  delivery	  of	  the	  SMN	  mutant,	  
SMNΔ7S270A	  which	  extended	  lifespan	  to	  200+	  days	  (Figure	  7.2).	  Likewise,	  these	  animals	  
displayed	  weight	  gains	  similar	  to	  unaffected	  mice	  (Figure	  7.1).	  SMNΔ7S270A	  treated	  mice	  
displayed	  gait	  abnormalities	  and	  progressive	  hind	  limb	  weakness.	  Gross	  motor	  function	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was	  analyzed	  using	  a	  modified	  tube	  test	  [205].	  In	  this	  test,	  SMNΔ7S270A	  treated	  animals	  
were	  unable	  to	  perform	  as	  well	  as	  unaffected	  controls	  or	  FL-­‐SMN	  treated	  animals	  
(Figure	  7.3).	  This	  suggests	  that	  while	  SMNΔ7S270A	  is	  able	  to	  rescue	  the	  lifespan	  of	  these	  
mice	  it	  is	  unable	  to	  abrogate	  the	  motor	  defects	  characteristic	  of	  SMA,	  although	  it	  does	  
delay	  their	  onset.	  	  
Previous	  work	  has	  shown	  the	  S270A	  mutation	  is	  able	  to	  significantly	  increase	  the	  
stability	  of	  the	  SMNΔ7	  protein	  [204].	  However,	  the	  molecular	  basis	  for	  this	  added	  
stability	  is	  unknown.	  It	  is	  tempting	  to	  speculate	  that	  the	  serine	  residue	  present	  in	  wild	  
type	  SMNΔ7	  is	  phosphorylated,	  leading	  to	  its	  degradation	  by	  the	  proteasome.	  When	  
mutated	  to	  an	  alanine,	  this	  residue	  is	  no	  longer	  able	  to	  be	  phosphorylated	  and	  
subsequently,	  SMN	  is	  more	  stable.	  In	  support	  of	  this	  hypothesis,	  it	  has	  been	  shown	  that	  
inhibition	  or	  knockdown	  of	  the	  kinase,	  glycogen	  synthase	  kinase	  3	  (GSK-­‐3),	  increased	  the	  
stability	  of	  the	  SMN	  protein	  [206].	  In	  this	  manner,	  this	  residue	  could	  be	  involved	  the	  
regulation	  of	  SMN	  protein	  stability	  via	  phosphorylation.	  Therapeutics	  directed	  at	  the	  
inhibition	  of	  the	  SMN	  specific	  kinases	  may	  be	  a	  valuable	  approach.	  	  
Understanding	  the	  involvement	  of	  modifier	  genes	  may	  shed	  light	  on	  the	  
pathways	  involved	  in	  SMA	  pathogenesis.	  Furthermore,	  it	  open	  up	  new	  therapeutic	  
avenues	  and	  targets	  for	  a	  disease	  which,	  as	  of	  yet,	  remains	  without	  an	  effective	  
treatment	  or	  cure.	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Figure	  7.1	  All	  modifier	  treated	  animals	  gained	  significantly	  more	  weight	  than	  untreated	  
SMN2B/-­‐	  animals.	  There	  was	  no	  significant	  difference	  between	  unaffected	  SMN2B/+	  mice	  
and	  mice	  treated	  with	  scAAV9-­‐S270A.	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Figure	  7.2	  All	  modifier	  treated	  animals	  lived	  significantly	  longer	  than	  untreated	  SMN2B/-­‐	  
animals	  with	  the	  exception	  of	  scAAV-­‐aSMN	  treated	  mice,	  who	  had	  a	  significantly	  shorter	  
lifespan*.	  Statistical	  comparison	  of	  lifespan	  by	  Mantel-­‐Cox:	  untreated	  v.	  SMN	  p=0.0001,	  
v.	  SMNΔ7	  p=0.0002,	  v.	  miR9	  p=0.0003,	  v.	  Plastin3	  p=0.0021,	  v.	  S270A	  p<0.0001,	  v.	  aSMN	  
p<0.0001*,	  and	  v.	  cpg15	  p<0.0001.	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Figure	  7.3	  scAAV9-­‐S270A	  treated	  mice	  display	  motor	  function	  defects	  in	  the	  modified	  
tube	  test.	  All	  animals	  tested	  were	  >100	  days	  of	  age.	  Graph	  shows	  the	  percentage	  of	  
animals	  who	  fell	  in	  the	  specified	  time	  (i.e	  20%	  of	  scAAV9-­‐S270A	  treated	  animals	  fell	  
between	  0-­‐4	  seconds).	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CHAPTER	  EIGHT:	  	  CONCLUDING	  DISCUSSION	  
AAV	  Gene	  Therapy:	  Challenges	  When	  Entering	  the	  Clinic	  
	  
AAV-­‐mediated	  SMN	  gene	  replacement	  is	  a	  highly	  efficacious	  treatment	  for	  
rescuing	  the	  phenotype	  of	  SMA	  mice.	  	  Historically,	  a	  median	  lifespan	  improvement	  of	  
25-­‐50%	  was	  considered	  a	  successful	  therapeutic.	  Now,	  AAV-­‐based	  approaches	  as	  
described	  herein	  have	  the	  shown	  the	  ability	  to	  completely	  rescue	  the	  lifespan	  of	  SMA	  
mice.	  In	  that	  respect,	  there	  is	  tremendous	  potential	  for	  the	  use	  of	  AAV	  to	  restore	  SMN1	  
to	  human	  SMA	  patients.	  
	  In	  this	  report,	  we	  have	  shown	  that	  viral	  dose,	  route,	  and	  timing	  of	  delivery	  
dramatically	  influence	  AAV	  vector	  efficiency	  in	  animal	  models.	  These	  factors	  are	  just	  a	  
portion	  of	  those	  that	  will	  need	  to	  be	  considered	  when	  moving	  AAV	  vectors	  into	  the	  
clinic.	  Below	  some	  of	  these	  additional	  challenges,	  aside	  from	  the	  obvious	  issues	  of	  
patient	  safety	  and	  cross-­‐species	  efficacy,	  will	  be	  addressed.	  	  
First,	  can	  the	  large	  quantities	  of	  clinical-­‐grade	  vector	  needed	  be	  routinely	  
produced?	  	  Generation	  of	  quantities	  of	  viral	  particles	  needed	  to	  treat	  human	  patients	  
would	  likely	  be	  on	  the	  order	  of	  1014	  viral	  genomes	  per	  patient,	  a	  quantity	  difficult	  to	  
obtain	  with	  traditional	  production	  methods.	  Fortunately,	  with	  recent	  advancements	  in	  
large-­‐scale	  production	  generation	  of	  vector	  quantities	  of	  that	  degree	  may	  be	  possible	  
[207,208].	  However,	  the	  cost	  associated	  with	  these	  methods,	  tens	  of	  thousands	  of	  
dollars	  per	  patient,	  could	  be	  prohibitive	  and	  further	  improvement	  of	  viral	  production	  
methods	  to	  drive	  down	  costs	  would	  be	  of	  great	  benefit.	  Furthermore,	  standardization	  of	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AAV	  production	  and	  compliance	  with	  good	  manufacturing	  practice	  must	  be	  
implemented	  in	  order	  to	  compare	  clinical	  results	  and	  ensure	  patient	  safety	  [209].	  	  
Second,	  what	  patient	  population	  should	  be	  the	  recipient	  of	  AAV-­‐based	  gene	  
replacement	  and	  must	  treatment	  be	  given	  before	  the	  onset	  of	  symptoms?	  The	  work	  
shown	  herein	  has	  demonstrated	  that	  early,	  pre-­‐symptomatic	  viral	  delivery	  is	  able	  to	  
produce	  a	  much	  more	  robust	  phenotypic	  improvement	  in	  SMA	  mice	  then	  when	  
treatment	  is	  delayed	  until	  after	  the	  onset	  of	  symptoms	  [113].	  Furthermore,	  scAAV9	  
transduction	  of	  motor	  neurons	  is	  most	  effective	  in	  neonates	  meaning	  that	  the	  primary	  
target	  cell,	  motor	  neurons,	  may	  no	  longer	  be	  accessible	  if	  treatment	  is	  delayed	  [90].	  
Additionally,	  because	  motor	  neurons	  are	  lost	  as	  the	  disease	  progresses,	  treatment	  must	  
be	  administered	  at	  a	  time	  when	  sufficient	  motor	  neurons	  remain	  functional	  in	  order	  to	  
minimize	  muscle	  paralysis	  and	  atrophy.	  Currently,	  SMA	  is	  not	  screened	  for	  at	  birth	  and	  
children	  are	  rarely	  diagnosed	  until	  symptoms	  are	  present.	  Thus,	  the	  question	  will	  SMN	  
replacement	  via	  AAV	  be	  effective	  in	  children	  after	  symptoms	  are	  present?	  And	  if	  so,	  
could	  it	  be	  even	  more	  effective	  if	  administered	  prior	  to	  symptom	  onset?	  If	  our	  results	  in	  
mice	  are	  predictive,	  pre-­‐symptomatic	  identification	  of	  SMA	  patients	  may	  become	  
essential	  to	  the	  successful	  use	  of	  AAV-­‐mediated	  gene	  therapy.	  	  
The	  first	  clinical	  trials,	  beginning	  in	  2014,	  are	  enrolling	  only	  the	  most	  severely	  
affected,	  Type	  I	  patients.	  The	  families	  of	  these	  patients	  are	  generally	  more	  willing	  to	  
undertake	  substantial	  risks,	  such	  as	  enrollment	  in	  a	  clinical	  trial,	  than	  those	  of	  less	  
severely	  affected	  patients.	  However,	  efficacy	  in	  these	  patients	  may	  be	  compromised	  
due	  to	  their	  disease	  severity	  at	  the	  point	  of	  treatment.	  Type	  II	  and	  III	  patients	  have	  a	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slower	  disease	  progression	  and	  may	  be	  more	  well-­‐suited	  to	  this	  type	  of	  therapeutic.	  The	  
outcome	  of	  these	  first	  clinical	  trials	  will	  give	  insight	  into	  the	  ability	  of	  AAV-­‐mediated	  
SMN	  replacement	  to	  correct	  disease	  after	  the	  onset	  of	  symptoms.	  	  
Third,	  will	  there	  be	  an	  immune	  response	  to	  the	  AAV	  capsid?	  Such	  a	  response	  
could	  negate	  the	  effects	  of	  SMN	  replacement	  by	  effectively	  abrogating	  gene	  expression	  
from	  the	  virus.	  Fortunately,	  because	  SMN	  is	  an	  endogenous	  protein	  and	  low	  levels	  are	  
produced	  in	  SMA	  patients,	  there	  should	  not	  be	  an	  immune	  response	  to	  the	  SMN	  protein	  
itself.	  Most	  adults	  are	  seropositive	  for	  AAV	  capsid	  antibodies	  as	  are	  infants	  and	  children	  
[210,211].	  There	  have	  even	  been	  reports	  of	  the	  infection	  of	  human	  embryos	  with	  AAV	  
during	  pregnancy	  [212].	  Young	  age	  is	  no	  guarantee	  of	  the	  absence	  of	  AAV	  antibodies.	  
However,	  AAV	  antibody	  titers	  tend	  to	  be	  modest	  in	  infants	  and	  children,	  typically	  less	  
than	  1:50	  [211].	  	  Thus,	  young	  children	  may	  represent	  the	  most	  promising	  patient	  group	  
for	  intravenous	  gene	  therapy	  [213].	  It	  is	  predicted	  that	  antibody	  titers	  of	  greater	  than	  
1:200	  would	  be	  prohibitive	  to	  vascular	  transduction.	  Approximately	  30%	  of	  adults	  
harbor	  AAV9	  antibodies	  at	  titers	  at	  this	  level	  or	  greater	  [214].	  	  
	  Because	  immune	  responses	  are	  dose	  dependent,	  a	  vector	  with	  a	  highly	  efficient	  
expression	  cassette	  will	  be	  needed	  to	  minimize	  the	  number	  of	  viral	  particles	  which	  must	  
be	  administered.	  Codon	  optimized-­‐sequences	  are	  one	  of	  the	  most	  common	  ways	  to	  
maximize	  expression	  [215].	  Further	  compounding	  the	  issue	  of	  immune	  response	  is	  the	  
potential	  need	  for	  vector	  readministration.	  Ideally,	  a	  single	  injection	  would	  be	  sufficient	  
for	  lifelong	  treatment.	  However,	  other	  AAV	  gene	  therapy	  studies	  conducted	  to	  date	  
indicate	  that	  repeated	  administration	  may	  be	  necessary.	  In	  many	  preclinical	  and	  clinical	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trials,	  neutralizing	  antibodies	  to	  AAV	  were	  produced	  after	  the	  first	  injection	  [216-­‐218].	  It	  
is	  currently	  unknown	  if	  treatment	  in	  SMA	  patients	  would	  need	  to	  be	  repeated.	  Motor	  
neurons	  are	  post-­‐mitotic,	  but	  muscle	  has	  intrinsic	  potential	  for	  regeneration	  through	  a	  
population	  of	  stem	  cells	  known	  as	  satellite	  cells.	  Therefore,	  transgene	  expression	  in	  
muscle	  and	  other	  disease-­‐relevant	  tissues	  containing	  proliferating	  cell	  populations	  may	  
fade	  with	  time,	  especially	  in	  developing	  children,	  necessitating	  readministration	  for	  the	  
maintenance	  of	  SMN	  levels.	  	  
If	  an	  immune	  response	  does	  occur,	  there	  are	  a	  number	  of	  potential	  strategies	  to	  
address	  the	  problem.	  Induction	  of	  tolerance	  to	  AAV	  capsid,	  genetic	  modification	  of	  the	  
AAV	  capsid	  antigen,	  temporary	  immunosuppression,	  and	  proteasome	  inhibition	  to	  block	  
presentation	  of	  capsid	  antigen	  [219]	  are	  all	  methods	  which	  would	  be	  feasible	  
approaches	  to	  combating	  the	  problem.	  	  An	  alternative	  approach,	  serotype	  switching,	  
has	  been	  used	  in	  other	  disease	  contexts	  where	  repeated	  administration	  of	  AAV	  was	  
needed	  with	  good	  results	  [220-­‐223].	  While	  serotype	  9	  is	  most	  commonly	  used	  for	  SMA	  
applications,	  due	  to	  its	  ability	  to	  cross	  the	  blood-­‐brain	  barrier,	  other	  serotypes	  could	  
potentially	  be	  used	  if	  delivery	  strategies	  which	  allow	  for	  direct	  CNS	  administration	  are	  
implemented.	  
Fourth,	  what	  cells	  need	  to	  be	  targeted	  for	  SMN	  replacement	  in	  order	  for	  gene	  
therapy	  to	  be	  effective?	  Understanding	  exactly	  what	  cells	  and	  tissue	  types	  in	  which	  SMN	  
must	  be	  replaced	  will	  be	  important	  for	  designing	  delivery	  strategies	  for	  AAV.	  Following	  
intravenous	  injection	  in	  neonatal	  mice,	  AAV	  is	  able	  to	  easily	  cross	  the	  blood-­‐brain	  
barrier.	  AAV	  can	  cross	  in	  adult	  non-­‐human	  primates	  as	  well,	  but	  less	  efficiently	  and	  with	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changes	  in	  tropism	  from	  motor	  neurons	  to	  astrocytes.	  Therefore,	  more	  viral	  particles	  
must	  be	  delivered	  to	  achieve	  the	  needed	  levels	  of	  transduction	  in	  motor	  neurons.	  
Delivery	  of	  more	  virus	  in	  turn	  increases	  the	  likelihood	  of	  an	  immune	  response.	  For	  those	  
reasons,	  direct	  CNS	  administration	  may	  be	  advantageous.	  In	  other	  clinical	  trials,	  
including	  those	  for	  SMA,	  intrathecal	  injections	  have	  been	  well-­‐tolerated	  in	  children	  
[130].	  However,	  intravenous	  administration	  has	  benefits	  as	  well.	  It	  is	  far	  less	  invasive	  
and	  provides	  transduction	  of	  other	  peripheral	  organs	  which	  have	  been	  shown	  to	  be	  
affected	  in	  SMA	  mouse	  models	  (for	  review	  see	  [158]	  and	  [30]).	  However,	  it	  remains	  be	  
seen	  if	  SMN	  replacement	  in	  those	  organs	  is	  necessary	  as	  there	  are	  certain	  peripheral	  
defects	  seen	  in	  SMA	  mouse	  models	  that	  are	  not	  found	  in	  human	  patients,	  such	  as	  
necrosis	  and	  cardiac	  defects	  [162,163,177].	  Thus,	  identification	  of	  the	  cells	  and	  tissue	  
types	  in	  which	  SMN	  must	  be	  replaced	  in	  human	  is	  critical	  as	  it	  will	  dictate	  the	  delivery	  
strategy	  which	  will	  be	  most	  efficacious.	  	  
Fifth,	  what	  are	  the	  long-­‐term	  effects	  of	  AAV	  expression?	  Once	  AAV	  is	  
administered,	  its	  expression	  cannot	  be	  turned	  off	  should	  adverse	  events	  arise.	  For	  
example,	  expression	  of	  endogenous	  SMN	  developmentally	  decreases	  while	  vector	  
driven	  SMN	  is	  continuously	  expressed	  from	  a	  promoter	  not	  subject	  to	  intrinsic	  
regulation.	  To	  that	  effect,	  it	  is	  possible	  that	  artificially	  high	  levels	  of	  SMN	  expression	  
could	  become	  detrimental.	  Therefore,	  development	  of	  regulatable	  vectors	  might	  be	  
beneficial.	  	  
	  Although	  AAV	  vectors	  are	  often	  assumed	  to	  persist	  as	  episomal	  concatemers,	  
chromosomal	  integration	  does	  occur	  and	  can	  produce	  long-­‐term	  expression	  of	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transgenes	  [224,225].	  Vector	  integration	  has	  been	  observed	  in	  various	  experimental	  
settings,	  occurring	  at	  non-­‐homologous	  sites	  of	  DNA	  damage	  or	  via	  homologous	  
recombination	  [226].	  	  There	  have	  been	  conflicting	  reports	  as	  to	  AAV	  induced	  
tumorigenesis	  in	  mice	  [227,228].	  While	  rarity	  of	  integration	  reduces	  the	  likelihood	  of	  
insertional	  mutagenesis,	  the	  possibility	  remains.	  Approximately	  0.1%	  of	  vector	  genomes	  
have	  been	  reported	  to	  integrate	  [229,230].	  While	  this	  number	  seems	  very	  small,	  an	  
injection	  of	  1e14	  viral	  particles	  would	  result	  in	  approximately	  1e11	  integration	  events.	  
Thus,	  the	  potential	  for	  AAV	  induced	  tumors	  raises	  concerns	  about	  its	  use	  in	  clinical	  
applications.	  Two	  clinical	  trials	  utilizing	  an	  integrating	  retroviral	  vector	  for	  the	  treatment	  
of	  severe	  combined	  immunodeficiency	  disease	  have	  reported	  the	  induction	  of	  leukemia	  
in	  approximately	  20%	  of	  treated	  patients	  [231].	  It	  remains	  to	  be	  seen	  if	  AAV	  vectors	  are	  
able	  to	  induce	  tumorigenesis	  in	  human	  patients,	  but	  there	  are	  adequate	  reasons	  to	  be	  
concerned.	  
While	  there	  are	  certainly	  challenges	  which	  must	  be	  overcome	  and	  issues	  which	  
will	  invariably	  have	  to	  be	  addressed,	  AAV-­‐mediated	  SMN	  replacement	  has	  tremendous	  
potential.	  Ways	  will	  be	  found	  around	  many	  of	  the	  technical	  obstacles	  outlined	  above	  
and	  applicable	  knowledge	  will	  be	  gained	  from	  clinical	  trials	  not	  only	  in	  SMA,	  but	  in	  other	  
diseases	  as	  well.	  It	  remains	  to	  be	  seen	  if	  the	  promise	  of	  this	  approach	  will	  be	  realized.	  
However,	  should	  it	  be,	  a	  devastating	  disease	  for	  which	  there	  is	  currently	  no	  treatment	  
may	  have	  an	  effective	  treatment	  and	  if	  we	  are	  lucky,	  a	  cure.	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